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CHAPTER! 
INTRODUCTION 
1.1 Background 
The 'thermal performance of refrigerant-to-air heat exchangers, which is important in air- . 
conditioning and refrigeration systems, is often described in terms of thermal resistances; a 
reduced thermal resistance implies improved heat exchanger performance. The total thermal 
resistance of a refrigerant-to-air heat exchanger is the sum of three resistances: the air-side 
convective resistance, the wall conductive resistance, and ~e refrigerant-side convective 
resistance. However, these three resistances do not contribute equally to the total thermal 
. resistance of the heat exchanger. The air-side resistance is genera1ly much larger than the other 
contributions. For example, Admiraal and Bullard [1] reported that the air-side accounts for 76 
percent of the total evaporator resistance and 9S percent of the tQtal condenser resistance in the 
two-phase .regions of residential refrigerator heat exchangers. Efforts to improve refrigerant-to-
air heat exchanger performance should focus on reducing the dominant thermal resistance on the 
an- side of the heat exchanger. 
Many methods for enhancing air-side heat transfer have been studied. Webb [2] 
classified single-phase heat transfer enhancements as active, passive, or compound Active 
methods require external power and often involve electric, magnetic, or acoustic fields. Passive 
methods involve surface modifications or fluid additives, and compound methods involve the 
simultaneous use of several techniques. Since active methods require external power and, 
therefore, usually involve added cost and complication, passive methods have enjoyed wider 
application than active methods.· 
Vortex generation is a relatively new passive enhancement that appears to hold promise 
in heating, ventilation, air-conditioning, and refrigeration (HV AC/R) applications. In this 
method, the heat transfer surface is altered to intentionally introduce secondary vortices that are 
1 
carried through the heat exchanger by the main flow. These vortices enhance bulk mixing and 
air-side heat transfer, but may not significantly increase pressure drop. Methods fO{generating 
longitudinal vortices can be classified as protuberance based or wing based. Protuberances are 
bumps embossed on the heat transfer surface to generate a horseshoe vortex system; whereas. 
wings are punched from the heat transfer surface to generate a tip vortex system. Several 
example wing geometries for generating longitudinal vortices are shown in Figure 1.1 
Delta 
winglet, 
A=2b/c 
,/x 
Figure 1.1 Several different vortex generators and the associated geometrical 
defInitions 
This research focuses on air-side heat transfer enhancement using delta-wing vortex 
generators. The lift generated by the delta wing is accompanied by tip vortices that are carried 
longitudinally downstream by the main flow as shown in Figure 1.2. These vortices interchange 
fluid near the plate with fluid from the freestream, and this bulk mixing (or boundary layer 
thinning) is the primary mechanism for heat transfer enhancement through vortex generation. 
2 
De1tawing 
vortex generator 
Figure 1.2 A schematic representation of the longitudinal vortices generated by a 
delta wing. The lift of the delta wing leads to the creation of these tip 
vortices. 
1.2 Literature Review 
An extensive review of recent progress in heat transfer enhancement using longitudinal 
vortex generation has been completed by Jacobi and Shah[3]. The review given below is focused 
on articles that are particularly relevant to the current reseaICh. 
Edwards and Alker[4] investigated the use of cubes and delta winglets as vortex 
generators. A uniform heat flux was applied to a flat surface, and the local impact of the heat 
transfer enhancement was evaluated by measuring local surface temperatures with a luminescent 
phosphor technique. Experiments were performed with various generator sizes and spacings at a 
constant Reynolds number of 61000 (based on generator height). Data were collected for both 
co- and counter-rotating vortex pairs. The results indicated that cubes provided a maximum local 
heat transfer enhancement of 76 percent over the unenhanced plate. The highest enhancement 
achieved with delta winglets was 42 percent which ocCUlTed for a counter-rotating vortex pair. 
Russell et al.[5] used vortex generators to enhance the performance of a finned-tube heat 
exchanger. Experiments were conducted using a transient-melt-line technique to record the local 
3 
heat transfer enhancement of delta and rectangular-winglet vortex generators. The pressure drop 
penalty associated with the enhancements was also recorded. The authors found that,rectangular 
winglets placed in two staggered rows gave the best overall performance. A full-scale finned 
flat-tube heat exchanger was tested with rectangular winglets at a 20· angle of attack. The 
experimental data were then compared to plain-fin correlations from the literature (not to 
experimental data from ail identical heat exchanger with no heat transfer enhancement). At a 
Reynolds number of 1000, the j factor was increased approximately 50 percent while the f factor 
increased about 20 percent. For Reynolds numbers between 1500 and 2200, the ratio of j/f was 
reported to exceed O.S. The authors concluded that vortex generation," ... offer[s] a powerful type 
of heat transfer enhancement." 
In 1986, Turk and Junkhan[6] evaluated the impact of varying the aspect ratio and angle 
of attack of rectangular-winglet vortex generators on local heat transfer on flat plates. During 
the experiments, a known, constant heat flux was applied to the flat plate downstream of the 
vortex generators. The local surface and air temperatures were measured using thermocouples, 
and from these measurements, the local heat transfer coefficients were deduced. The authors 
considered flows with a zero or favorable pressure gradient and reported that, in general, the 
enhancement increased with a favorable pressure' gradient. Local span wise-averaged heat 
transfer enhancements as large as 250 percent were reported. 
Fiebig et al. [7] studied the heat transfer enhancement of delta wings and winglets in flat-
plate channels for Reynolds numbers based on plate spacing between 1360 and 2270. 
Qualitative data were recorded using a laser-sheet flow visualization technique, and the heat 
transfer behavior was measured using unsteady, liquid crystal thermography. In this technique, 
an initially cool fin cascade was suddenly inserted into a warmer air stream in a wind tunnel. 
The transient heating of the rm surface was recorded by tracking the movement of a single 
isotherm on the plate surface. The convective heat transfer was then equated to the storage of 
internal energy within the rm, and the local heat transfer coefficients were calculated. The 
authors reported that the delta wing geometry was the most promising, with local enhancements 
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as high as 200 percent. Overall Colburn j-factors were increased by 20 to 60 percent at a 
Reynolds number of 1360 for delta wing with angles of attack varying from 10· to SO: .. 
The interest in heat transfer enhancement by passively generating longitUdinal vortices 
has increased dramatically since 1989, and Fiebig and his co-workers have been very active in 
this area. In 1989, Biswas et ale [8] performed, to the author's knowledge, the fU'St numerical 
work on vortex-induced heat exchanger enhancement by investigating the impact on mixed 
convection 'in a rectangular channel. Calculations were performed at Reynolds numbers of SOO 
and 1815 with Grashof numbers of 0, 2.5xl0S, and 5xl05. They evaluated the impact of a single 
delta wing with an aspect ratio of one and angles of attack of 20· and 26·. The wing was 
attached to the bottom wall of the channel by its trailing edge. It should be noted that this study 
did not include the hole under the wing which would result from its being punched out of a fin. 
In later work, Biswas and Chattopadhyay[9] included the effect of the hole under the delta-wing. 
For a long channel at Reynolds number of 500, the initial computation without the hole beneath 
the wing gave an average Nusselt number increase' of 34 percent while the friction factor 
increased 79 percent. For an othelWise identical situation with the hole under the delta wing, the 
increase in Nusselt number was only 10 percent while the friction increased 48 percent. These 
calculated Nusselt numbers were compared to independent experiments and found to agree 
within 15 percent. 
AD analogous numerical study was performed by Brockermeier et ale [10] to evaluate the 
impact of vortex generation in forced convection between. parallel plates. Delta wings and 
winglets were considered, and the impact of the hole under the wing was included. A delta wing 
with an aspect ratio of one was considered for attack angles varying from 10· to 50·, while the 
Reynolds number varied from 1000 to 4000. The computations predicted maximum crossflow 
velocities in the vortex on the same order as the mean axial velocity. The cross-section of the 
vortex produced by the delta wing was reported to be elliptical because the turning of the vortex 
by the wall distorted its cross-section. With the delta winglets at a 30· angle of attack and a 
Reynolds number of 4000, an average increase in the Nusselt number of 84 percent was 
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predicted. . Another very similar paper by Fiebig et al. [11] extended [10] by reporting that there 
is an axial velocity defect in the vortex core, and this defect allows the vortex to ~ stable at 
delta-wing angles of attack exceeding SO·. 
In 1991, Fiebig et al. [12] extended their earlier work: [7] by evaluating the impact of 
vonex generation in channel flows. Delta and rectangular wings and winglets were evaluated 
using the unsteady, liquid crystal thermography technique for aspect ratios varying from 0.8 to 
2.0, angles of attack varying from 10· to 60·, and Reynolds numbers varying from 1000 to 2000. 
Heat transfer and drag results are presented in Figures 1.3, 1.4, and 1.5. In these experiments, 
the pressure drop was so low that the authors chose to measure changes in drag force on a 
specimen suspended in the wind tunnel. They cited numerical results that report the error 
associated with their implicit equa~g of drag and total pressure drop to be less than 6 percent. 
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Figure 1.3 Heat transfer enhancement as a function of aspect ratio for a single delta-
wing vortex generator of constant area and a = 30· with Re = 1815. 
These results are for a developing channel flow. This plot is reproduced 
from [12]. 
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Figure 1.4 Heat transfer enhancement for a single delta wing as a function of angle 
of attack for four wing aspect ratios at a Reynolds number of 1815. 
These results are for a developing channel flow. This plot is reproduced 
from [12]. 
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Figure 1.5 Induced drag coefficient of vortex generators in a developing channel 
flow as a function of angle of attack, 1360 < Re < 2270. This plot is 
reproduced from [12]. 
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Using the same flow visualization and unsteady liquid crystal thermography techniques, 
this research was further extended to include two aligned rows of delta winglet~[13]. The 
authors reported that the, "qualitative flow structure, the number of developing vortices per 
vortex generator, and their streamwise development were found to be nearly independent of the 
oncoming flow of the vortex generator, (uniform or vortical)." In other words, the second row of 
vortex generators performed very much like the first row. . The local heat transfer enhancement 
was highest behind the second row of generators, but the effect of the enhancement decreased 
faster in the streamwise direction for the second row of generators than for the fIrst row. For a 
Reynolds number of 5600, local heat transfer enhancements of several hundred percent were 
reported, and the average heat transfer was increased 77 percent by two aligned rows of vortex 
generators. No pressure drop data' were recorded. Tiggelbeck extended this multiple row 
vortex generation work in 1993[14] by including staggered vortex generators and pressure drop 
experiments. Again, the qualitative flow structure, number of vortices per generator, and 
streamwise development were reported to be nearly independent of upstream flow conditions. 
The inline arrangement gave slightly higher heat transfer enhancements than the staggered 
arrangement, but the inline pressure drop was also higher than the staggered arrangement. At a 
Reynolds number of 6000, the average heat transfer was increased 80 percent for an angle of 
attack of 45-. 
Fiebig et al.[15, 16] evaluated the impact of a delta-winglet pair on heat transfer in a 
channel with a tube (to simulate a plate rm geometry) as shown in Figure 1.6. Experiments were 
conducted for Reynolds numbers ranging from 2000 to 5000, and the local heat transfer 
coefficient was reported to increase by 200 percent when compared to heat transfer without the 
vortex generators. The average heat transfer coefficient increased by up to 20 percent, while the 
drag decreased by as much as 10 percent. According to the authors, "The reduction in flow 
losses can be explained by the delayed separation on the tube due to the strong counter rotating 
longitudinal vortices generated by the delta-winglet pair which introduced high momentum fluid 
into the region behind the cylinder." The heat transfer results were obtained using the 
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previously described unsteady liquid crystal thennography technique, and the drag was measured 
by suspending the test section in the wind tunnel and measuring the change in force. , 
~ ~ 
Approach 
airflow 
FigUre 1.6 The arrangement of fin, tube, and delta-winglet vortex generators 
studied by Fiebig et aI.[15, 16]. The horseshoe vortex is formed at the 
junction of the tube and fin, and the delta winglets passively generate 
longitudinal vortices. 
Fiebig and Sanchez[ 17] conducted a numerical study of the geometry shown in Figure 1.6. 
" The authors reported that at a Reynolds number of 1200, the fm with the delta-winglet pair 
performed the same as a fin without generators at Reynolds number of 2000. For a fin-tube 
element at a Reynolds number of 2000, the winglets can allow a reduction in pumping power of 
80 percent for a constant heat duty or an increase in heat transfer of 25 percent for fixed pumping 
power. These numerical results were never compared directly to experiment, but a similar 
numerical study by Biswaset aI. [18] provided a comparison. Numerical results from this study 
were compared to the experimental work of Valencia et aI. [19]. The numerical solution was for 
a Reynolds number of 646, and it compared well with the experiments performed at an 
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identical Reynolds number. There were some large local discrepancies in the v;due of enhanced 
Nusselt number that the authors explained were caused by the simulated vottex strength being 
higher than that of the experiment. 
The effect of v~rtex generation. with multiple tubes in a channel has also been 
investigated[19. 20]. Simulated heat exchangers with several fins and three rows of staggered or 
inline round tubes were considered. Using delta-winglet pairs in the wake region of the tube. the 
heat transfer was increased 55-65 percent for inline tubes and approximately 10 percent for 
staggered tubes. The friction factor for the inline tubes increased 20 percent at a Reynolds 
number of 600. and it increased 44 percent at a Reynolds number of 2600. The staggered tube 
arrangements provided only a 3 percent increase in friction factor. Fiebig et ale [21] extended 
this work to evaluate the impact of placing delta-winglet vortex generators near flat tubes. 
Experiments were conducted over a range of Reynolds numbers from' 600 to 3000. The overall 
heat transfer enhancement for flat-tubes with delta-winglet vortex generators was reported to be 
approximately 100 percent, with the corresponding pressure drop penalty also equal to 100 
percent. In this study. the flat tubes were placed at the leading edge of the channel; therefore. a 
horseshoe vortex could not form. However. in the round tube experiments. the tubes were placed 
farther down the channel where the boundary layer was more developed. Therefore a horseshoe 
vottex system was present in the round tube experiments but not in the flat tube experiments 
making a comparison between the two cases difficult. 
An abbreviated synopsis of the literature on heat transfer enhancement through the 
passive generation oflongitudinal vortices is presented in Table 1.1. 
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Table 1.1 A summary of passive vonex enhancement results [3] 
Refs. 
[4] 
Geometry 
Cube protuberances and delta-
winglets 
[51 Full scale plate-fin heat exchanger 
[6] Flat plate with rectangular winglets 
[7] Rectangular channel with delta wing, 
delta winglets, and rectangular 
winglets. 
[8,9] Rectangular channel with delta 
winglet pair 
No hole under wing 
Hole under wing 
[10,11] Parallel plates with delta winglet pair 
[12-14] Rectangular channel: 
DeltaWmgs 
Delta Winglet Pair 
Multiple pairs - inline 
Multiple pairs - staggered 
[15-18] - Rectangular channel with one tube 
delta winglet pair downstream of 
tube. 
[19-21] Three tube rows: 
Inline round 
Staggered round 
Flat tubes 
Reynolds 
Number 
1(1000) 
61 
0.3-2.2 
30-300 
1.36-2.27 
0.5 
0.5 
1.0-4.0 
1.0-2.0 
5.6 
4.6 
4.6 
5.0 
0.6-3.0 
Overall Heat ; Pressure Drop 
Transfer_ Penalty 
Enhancement· 
76% Cube 
42% Counter-
rot. 
15% Co-rotating 
SO% 
100% 
20-60% 
(Delta wing) 
34% 
10% 
84% 
SO% 
77% 
60% 
52% 
20% 
55-6S% 
9% 
100% 
Unknown 
20-30% 
Unknown 
Unknown 
79% 
48% 
Unknown 
45% 
Unknown 
145% 
129% 
-10% 
(lowerAP) 
20-44% 
3% 
100% 
* Typical or maximum overall heat transfer enhancement unless otherwise noted. 
1.3 Project Objectives 
During the past twenty years, considerable research has been focused on the heat transfer 
impact of the passive generation of longitudinal vortices. However, this large body of work 
lacks a comprehensive parametric evaluation of a single vortex generator for a given application. 
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The rich parameter space involved in such an evaluation is formidable when the effects of 
generator type, aspect ratio, angle of attack, location, and Reynolds number are considered. The 
objectives of this project are the following: 
1. Develop a technique to efficiently evaluate the relative heat transfer enhancement 
potential of a given vortex geneiator over its entire parameter space for 
geometries and flow conditions typically encountered in HV ACIR 
applications. 
2. Utilize this technique to evaluate the heat transfer enhancement of a single 
delta-wing vortex ~enerator placed at the leading edge of a single flat plate~ 
3. Verify the technique with heat/mass transfer experiments over the same range 
of experimental parameters. 
This technique will allow for more complete characterizations of the heat transfer 
enhancement behavior of a given vortex generator over a broader range of generator geometries 
and flow conditions. This research represents a first phase of ongoing work in the area of heat 
transfer enhancement using longitudinal vortex generation. The extensions of this work will 
focus on applications of longitudinal vortex generation that are of panicular interest to the 
HV ACIR industry~ 
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CHAPTER 2 
EXPERIMENTAL APPARATUS 
Two experimental techniques were used to characterize the flow and heat transfer 
interactions due to a delta wing attached to the leading edge of a single flat plate: flow 
visualization and naphthalene sublimation. The same wind tunnel was used for both· 
experimental techniques, so its description will be presented first. A description of the apparatus 
used in the flow visualization experiments will then be presented, and it will be followed by a 
discussion of the equipment used in the naphthalene sublimation experiments. 
2.1 Wind Tunnel 
Flow visualization and mass transfer experiments were performed in the wind tunnel 
shown schematically in Figure 2.1. The wind tunnel walls were fabricated of fiberglass 
reinforced plastic, and the interior surfaces were coated with white gel-coat to obtain a very 
smooth surface. The elliptical inlet contraction had an area ratio of 9: 1 and was fitted with 
hexagonal cell, aluminum honeycomb, and stainless steel screens to condition the flow. The 
compact-radial-blade fan was powered by a 1.5 kW, 230 V, 3 phase, AC induction motor. The 
15.24 em (6 in) square test section could be removed to accommodate other test sections. The 
freestream velocity profile was .determined to be flat. to within 3 percent over the entire range of 
the experiments and is presented for a nominal freestream velocity of 1.0 m/s (3.28 ftls) in Figure 
2.2. The freestream turbulence intensity ranged from approximately 1.1 percent to 2.3 percent 
and had a average value of approximately 1.6 percent over the freestream velocities used in the 
experiments. Both the velocity profile and turbulence intensity measurements were performed 
with a 20 J.I.IIl hot-wire anemometer (TSI #1210-20 and TSI #1755). 
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l. ELLIPTICAL INLET 7. ISOLATION MOUNT 
2. FLOW S1RAIGHTENERS 8. FLEXIBLE COUPLING 
3. 9:1 CON1RACTION 9. FAN 
4. TEST SECTION 10. ELECTRICAL CABINET 
5. CONTROL KEYPAD 11. ACOUSTIC Duer 
6. DIFFUSER 12. ORIFICEPLAlE 
Figure 2.1 Schematic of the wind tunnel used for both flow visualization and 
naphthalene sublimation experiments. 
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Figure 2.2 Freestream. velocity profile at the inlet of the wind tunnel test section 
with no test specimen. The nominal freestream. velocity was 1.Om/s. 
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The wind tunnel provided freestream velocities from approximately 0.2 m/s (0.65 ft/s) to 
10 m/s (32.8 ftls). During experiments, the velocity was measured using a 10.16 clQ,.(4 in) OD, 
ASME Standard orifice plate with a bore diameter of 5.588 em (2.25 in). Pressure taps (0.25 in 
NPT) were placed in 90- circumferential intervals 10.16 em (4 in) upstream of the orifice plate 
and 5.08 em (2 in) downstream of the orifice plate. The pressure drop across the orifice plate 
was measured using a precision electronic manometer (Dwyer #1430,0-2 in WC,.±O.OOO5 in. 
WC). For details on the calculation of flow velocity from orifice plate pressure drop, the reader 
is directed to Appendix B. In accordance with the ASME standard MFC-3M-1989[22], 76.2 em 
(30 in) of straight pipe was placed between the flow conditioning section and the orifice plate, 
and a length of pipe far in excess of the 40.64 em (16 in) standard was placed downstream of the 
orifice plate. 
2.2 Flow Visualization 
The experimental apparatus used to perform the flow visualization experiments can be 
divided into four subsystems: the test section and fin, smoke generation, the laser imaging optics, 
and the data acquisition equipment. 
2.2.1 Test Section and Fin 
A schematic of the test section used to perform flow visualization experiments is shown 
in Figure 2.3. The test section was made of 1.27 cm (0.5 in) thick, clear, OM grade, acrylic 
Plexiglas. The interior cross section of the test section was 15.24 em (6 in) square. Copper bus 
bars supplied cUITent to the smoke-generating wire; the copper rods were 0.32 cm (0.125 in) in 
diameter and were located 10.16 em (4 in) downstream from the test section entrance and 0.64 
cm (0.25 in) from each lateral test section wall. A 0.51 mm (0.020 in) tungsten wire was 
connected between the copper rods across the span of the test section. A threaded rod was 
connected to the bottom of the copper rods, and this arrangement allowed the height of the 
tungsten wire inside the test section to be adjusted. A DC power supply (Hewlett Packard, 0-
4OV, 0-50 amp, #6269B) was connected to the copper rods and was used to heat the wire. A 
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syringe (Micro-mate Sec) with a 20-gauge, stainless steel, 15.24 cm (6 in) needle (Aldrich 
#Z10270-9) was filled with motor oil (SAE 30, non-detergent), and the needle w~.suspended 
into the test section until it touched the tungsten wire. When a current passed through the wire, 
the temperature of the wire increased, and the oil on the wire burned producing a 'stream of 
smoke which was used in the flow visualization. 
Laser sheet 
Test fin with 
em 
Figure 2.3 Schematic of flow visualization test section showing the laser sheet for 
imaging and the smoke generating apparatus. 
The test fin was placed 21.59 cm (8.5 in) from the entrance to the test section. A 
schematic of the fin used in the flow visualization experiments is shown in Figure 2.4. The fin 
was made from 0.32 cm (0.125 in) thick aluminum plate. The side of the fin upon which the 
generator was placed was painted black to enhance the contrast between the white smoke and the 
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plate. The #1-64 threaded holes allowed the fm to be secured within the test section with 
screws. The leading edge of the test fin had a 0.675 em (17/64 in) radius to prevent leading-edge 
flow separation. 
Vortex 
Generator 
Figure 2.4 
n 
CIq.___ 10.16 em ----I I 
75 em -----""1 
l.()2em 
15.24 em 
1.02 em 
~ __ ~~ ____________ ~~ __ ~_~32em 
0.675 em radius 
Schematic of test fin used in flow visualization experiments. 
The delta-wing vortex generator was made from a 0.28 mm (0.011 in) thick copper sheet 
and consisted of the delta wing and a flat mounting section. The vortex generator was attached 
to the leading edge of the test fin using adhesive tape. The generator was mounted on the side of 
the test fin that did not have the leading edge radius. Four delta-wing vortex generators of aspect 
ratios 0.5, 1.0, 1.5, and 2.0 were used at angles of attack of 10-, 25-, 40- and 55-. In order to 
make the comparisons between generators consistent, the chord length for each generator was 
held constant at a value of 1.27 em (0.5 in), as shown in Figure 2.5. The dimensions for each 
delta wing vortex generator used in the flow visualization experiments are summarized in Table 
2.1. 
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Figure 2.5 Schematic of delta-wing vortex generators shown at full scale. 
Table 2.1 Dimensions of delta-wing vortex generators 
Aspect Ratio, A Span,b Chord,e 
A=2b1e (em) (em) 
0.5 0.32. 1.27 
1.0 0.64 1.27 
1.5 0.95 1.27 
2.0 1.27 1.27 
2.2.2 Smoke Generation 
The smoke used to visualize the vortices was created by burning motor oil on a hot 
tungsten wire. The tungsten wire was connected to the copper rods of the test section using 
copper wires approximately 5.72 em (2.5 in) in length. A close-up view of the smoke generating 
apparatus is shown schematically in Figure 2.6. The needle from the syringe was positioned to 
rest on the tungsten wire. The copper rods were then connected to the DC power supply. The 
voltage applied across the copper rods was conveyed through the copper wires to the tungsten 
wire. The high electrical resistance of the tungsten wire caused its temperature to rise high 
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enough to bum the oil in the needle producing a stream. of white smoke that was advected down 
the test section. By resting the needle on the wire, heat was conducted through the peedle, and 
the oil inside the needle was heated. The viscosity of the oil was reduced at elevated 
temperatures, so it flowed under the force of gravity to produce a steady stream of oil that was 
burned to produce a steady stream. of smoke in the test section. This stream of smoke flowed 
over the delta-wing vortex generator and became entrained in the vortices; the smoke-traced . 
vortices then traveled downstream.. 
2().gauge stainless 
steel needle. 
To DC power supply 
Figure 2.6 Schematic of apparatus used to generate smoke: The syringe delivers oil 
to the hot wire that burns the oil and produces a stream of smoke. -
19 
2.2.3 Laser Imadn, Qptics 
The flow visualization experiments were performed using Iaser-sheet nn.ging. This 
technique consists of projecting a laser sheet into the test section to illuininate the flow 
structures. A schematic of the Iaser imaging optics is presented in Figure 2.7. The laser imaging 
optics consisted of a 15 mW Red Helium-Neon laser light source which operated at a wavelength 
of 632.8 om (Melles-Griot #05-LLR-85l). The laser beam was focused using a 5.08 em (2 in) 
plano-convex lens with 078 anti-reflective coating on both sides (Melles-Griot #01 LPX 
332/078). The focused beam was reflected by a 5.08 em (2 in) coated milTor (Melles-Griot #02 
MFG 019) and directed into a cylindrical lens (Newport Corporation #CKVOSOAR.14)with a-SO 
mm (-1.968 in) focal length and AR.14 anti-reflective coating. The cylindrical lens spread the 
beam in one dimension and created a sheet of laser light that was directed into the test section. 
The laser and optics were arranged on an optical rail (Newport/Klinger #170223) to ensure that 
alignment was correct and consistent. The optical rail was then positioned above the test section 
so that the laser sheet could be projected down through the top of the test section and into the 
flow. Care was taken to align the optical rail with the axis of the test secti~n because this would 
assure that the laser sheet was perpendicular to the fin smface. 
1. 
2. 
3. 
4. 
5. 
BeNeLasc2' 
Plano-Convex Lens 
Coared Mirror 
Cylindrical Lens 
Laser Sheet 
Figure 2.7 A schematic of the optics used to generate the laser sheet used in the 
flow visualization experiments. 
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2.2.4 nata AcgpisitiQn 
The laser sheet was used to illuminate the smoke-traced vortices, and the resq),tiog image 
was digitally recorded using a cQmputer-controlled CCD camera (panasooic #WV~BL200). The 
lens assembly Qf the camera consisted Qf a sublens (Titan Tool Co. #SD35), a zoom Qbjective 
lens (Titan Tool Co. #TZOV A), and a view expanding converter (Titan Tool CQ. #CVN-1 0.5X). 
A cQmputer·.(neAT-j PC 80386 microprocessor) and imaging software (lRlStutor V01.05) were 
used tQ recQrd the digital images from the ceo camera.. These images were then converted 
from DOS fQrmat to Macintosh format and viewed on a Macintosh nvx computer using image 
software (NIH Image 1.55). From these digital images, the flQW visualization data were 
obtained. 
2.3 Naphthalene Sublimation 
Naphthalene sublimation experiments were performed in the wind tunnel described in 
section 2.1. This section will describe the test section/fin assembly and the data acquisition used 
in the naphthalene sublimation experiments. 
2.3.1 Test SectiQn and Fin 
The naphthalene sublimation experiments were performed using the test section shown 
schematically in Figure 2.8. The test section was made of 1.27 em (0.5 in) thick, clear, GM 
grade, acrylic Plexiglas. The interior cross section of the test section was 15.24 cm (6 in) square. 
Grooves measuring 0.32 em (0.125 in) wide by 0.25 em (0.1 in) deep were machined into the top 
and bottom of the section to ensure correct and secure fin positioning. The grooves began 7.62 
cm (3 in) from the entrance to the test section, ensuring that the leading edge of the fin was 
always in the same position and that the fin was centered within the test section. Set screws (#4-
40 by 0.95 em) were threaded through sleeves in the Plexiglas to prevent the fin from sliding 
within the grooves of the test section. A 1.27 em (0.5 in) hole was drilled in the side of the test 
section downstream of the fin to allow access for temperature measurement with a mercury-in-
glass thermometer (Fisher 15-043B O-l00·C ±O.05°C). 
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Figure 2.8 A schematic of the test section used in the naphthalene sublimation 
experiments . 
. The test fin used for the naphthalene sublimation experiments is shown schematically in 
Figure 2.9. The fin was made from a 0.32 em (0.125 in) thick aluminum plate and had a 1.78 
mm (0.070 in) cavity for holding naphthalene in its center. Vortex generators identical to those 
described in section 2.2.1 were attached to the leading edge of the fin, but the generators were 
attached to the side of the test fin that had the leading edge radius to eliminate contact with the 
naphthalene smface. The leading edge of the test fin had a 0.51 mm (0.020 in) thick lip to 
protect the naphthalene from excessive sublimation.· An exposed leading edge of naphthalene 
would sublime at a very high rate, resulting in a deformed leading edge and a test fin that no 
longer behaved as a flat plate without leading edge separation. The lip protecting the leading 
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edge inttoduced a small unheated starting length because the velocity boundary layer started 
upstream of the concentration boundary layer. The unheated starting length was acc:ounted for 
using an approximation which treated both boundary lay~ as if they originated at the·beginning 
of the naphthalene. The magnitude of the error associated with this approximation was 
determined to be negligible over the entire range of the experiments, and the reader is leferred to 
Appendix D for the detailS of this justification. 
Vortex 
Generator 
0.675 em inner radius 
635 em 
6.35cm 
! 
0.675 em outer mdius 1.78 mm cavity depth 
15.24 an 
FiguIe 2.9 Schematic of fin used for naphthalene sublimation experiments. The 
leading edge is curved to prevent leading edge separation. 
2.3.2 Data ACQuisition 
The naphthalene test f"m was weighed befole and after exposUIe using a pIeCision 
electronic scale (Mettler AE200, O-200g, ±O.OOOOSg). Temperatures were IeCorded downstream 
of the test fin using a mercury-in-glass thermometer (Fisher lS-043B O-U)()·C ±O.OS·C). 
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Laboratory relative humidity was recorded using an electronic humidity indicator (Vaisala 
Humidity and Temperature Indicator #HMI-31). A Fortin-type mercurial barom~ter (Princo 
#496 NOVA) was used to measure the baromettic pressure, and a stopwatch (Tunex Triathlon 
#731-A) was used to determine the exposure time of the specimen. For details on data reduction 
using the naphthalene sublimation technique, the reader is referred to Appendix B. 
. -
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· CHAPTER3 
EXPERIMENTAL PROCEDURE 
In this chapter the experimental procedure used for the flow visualization and 
naphthalene sublimation techniques will be described. 
3.1 Flow Visualization 
Laser sheet imaging was used to record digital images of vortex cross-sections. The laser 
sheet imaging, digital image acquisition, and flow visualization test matrix will be presented in 
this section. 
3,1,1 Laser-Sheet ImaKin& 
The laser optics are shown schematically in Figure 2.7. The optical rail that supported 
the laser and associated optics was aligned parallel to the centerline test section, and by careful 
alignment the laser sheet was projected into the test section as near to perpendicular to the plate 
surface as .:possible. The mirror and cylindrical lens were placed on the same caniage on the 
optical rail so that they could be translated together along the optical rail; this arrangement 
allowed the laser sheet to be moved to different stteamwise or x positions along the test fin. By 
moving the laser sheet to different streamwise locations along the test fin, vortex images could be 
recorded at any streamwise position of interest 
When the laser sheet passed through the smoke-traced vortices, the smoke particles 
scattered the laser light and a cross-section of the vortices was illuminated. When the freestream 
velocity was high, there were fewer particles at a given x location to scatter the laser light, and 
the images· were more difficult to interpret. To overcome this problem, the voltage across the 
tungsten wire was increased resulting in an increased smoke flow rate. This correction was 
limited because large voltages caused the tungsten wire to bum through; nevertheless, it was 
possible to successfully record vortex images at freestream velocities above 1.5 mls. 
25 
3.1.2 Di~tallma~e ACQUisition 
Once the cross-section of the smoke-traced vortices was illuminated with the)aser sheet, 
a computer-controlled ceo camera was used to record the image. The ceo camera was 
positioned beside the test section as shown in Figure 3.1. Digital images were recorded at 
streamwise locations of 1, 3, 5, 8, and 12 em from the leading edge of the plate for varying 
Reynolds numbers, wing angles of attack, and wing aspect ratios. To get quantitative vortex 
dimensions from the images, scale images were also recorded. After images were recorded at a 
particular focal setting and position of the ceo camera, a scale image was recorded at the saine 
camera setting so that physical dimensions could be determined from the digital images. The 
scale image was simply an image of a ruler placed in the same plane as the laser sheet. Since the 
camera was at an angle with respect to the laser sheet, it was important that the scale image was 
recorded in the same plane as the vortex image to avoid geometrical distortion, and care was 
taken to ensure that the scale was recorded correctly. These images were then converted to a 
format that could be viewed with available software (NIH Image 1.55), and using the information 
from the scale images, the dimensions of the vortices were determined. The dimensions of 
interest in the digital images were the vortex core-ta-plate distance and the core-to-core distance 
between the two vortices. Knowledge of these dimensions at different streamwise locations 
indirectly allows the potential benefit of the heat transfer enhancement to be evaluated (as 
explained later). 
TlBlgsten 
wire 
-
Figure 3.1 
..... 
Vortex 
Generator 
" , ~ 
¥Testfin Test Section 
Laser Sheet 
View from above of ceo camera location relative to test section 
26 
3.1.3 Experimental Test Matrix 
Experiments were performed by varying the Reynolds number, wing aspec~;ratio, wing 
angle of attack, and laser sheet placement. Reynolds numbers of approximately 5300, 6900, and 
9000 based on plate length were considered. These Reynolds numbers correspond to freestream 
velocities of approximately 0.75 mIs, 1.0 mIs, and 1.25 m/s (2.46 ftls, 3.28 ftls, and 4.10 ftls) 
respectively. The delta wing aspect ratio waS varied from 0.5 to 2.0 in increments of 0.5, and 
the delta-wing angle of attack was varied from 10- to 55- in 15- increments. Laser images were 
recorded 1, 3, 5, 8, and 12 em from the test fin leading edge for the 0.5 and 2.0 aspect ratio wing 
experiments. The images from experiments performed with the delta wing aspect ratios of 1.0 
and 1.5 were recorded at streamwise locations of 3, 5, and 8 cm. The experimental test matrix 
for the flow visualization expe~ents shown in Table 3.1; this matrix was repeated at each 
Reynolds number. The experimental matrix was more dense at the highest and lowest aspect 
ratio and more sparse for the interior aspect ratios. The trends in the data were examined 
carefully during data collection. H the trends in the data were continuous, some points in the 
interior of the test matrix were omitted, but if any changes in the behavior of the data were 
detected, additional data were collected in the vicinity of the change in behavior. 
Table 3.1 Experimental test matrix for flow visualization experiments. The test 
matrix was repeated at Reynolds numbers of 5300, 6900, and 9000. 
A=O.s A= 1.0 A=I.5 A=2.0 
a= 10° x = 1,3,5,8,12 x =3,5,8 x = 1,3,5,8,12 
a=25° x = 1,3,5,8,12 x =3,5,8 x =3,5,8 x = 1,3,5,8,12 
a=40° x = 1,3,5,8,12 x =3,5,8 x =3,5,8 x = 1,3,5,8,12 
a=55° x = 1,3,5,8,12 x = 1,3,5,8,12 
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3.2 Naphthalene Sublimation 
The naphthalene sublimation technique has been used extenSively to ~tudy "'·convective 
heat transfer behavior. Goldstein and Cho [23] and Mendes [24] present extensive reviews of 
the methods and applications of the naphthalene sublimation technique. This experimental 
technique relies on the well known heat and mass analogy. The sublimation from a naphthalene 
smface is measured experimentally, and Sherwood numbers are calculated; Nusselt numbers are 
then inferred using the heat and mass analogy. This technique calls for the smface of the test 
specimen to be coated with naphthalene, and when the specimen is exposed to a convective 
environment, a concentration boundary layer develops on the coated surface. The surface 
boundary condition of constant naphthalene vapor density is analogous to an isothermal smface. 
Test fin preparation and mass-averaged experiments were the two main components of 
. experimental procedure used in performing the naphthalene sublimation experiments. 
3.2.1 freJ)aration of the Test Fin 
The test fin used for the naphthalene sublimation experiments was shown schematically 
in Figure 2.6. Scintillation grade naphthalene (99+% pure) was used for all experiments. The 
casting process began by heating the naphthalene in a clean beaker above its melting point of 
82ee. Once the naphthalene was completely melted, it was poured into the cavity in the center of 
the fin. The cavity was located ~ the center of the test fin to eliminate the effects on the top and 
bottom smfaces of the test section on the naphthalene coated area of the test fin. A large enough 
quantity of naphthalene was poured into the cavity so that upon solidification, the naphthalene 
smface was well above the top of the cavity. When the naphthalene solidified, the resulting 
surface was highly irregular. The iITegular surface of the naphthalene was removed using 
aluminum oxide sandpaper,and-asmooth, uniform smface of naphthalene resulted. The initial 
removal was performed using 60 grit sandpaper because it provided a more rapid remOval rate. 
As the naphthalene surface approached the top of the cavity in the fin, 150 grit sandpaper was 
used to ensure that the smface finish of the test specimen was smooth and uniform. When the 
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naphthalene surface was extremely close to the top of the .fin cavity, care was taken to minimize 
contact with the aluminum substrate near the naphthalene cavity. Visual inspectioas indicated 
that no particulates were imbedded in the naphthalene surface. After the naphthalene surface 
was smooth, uniform, and at the level of the top of the cavity in the test fin, the entire aluminum 
surface was cleaned with isopropyl alcohol to remove any naphthalene dust or aluminum 
shavings. '. 
3.2.2 Mass Transfer Experiments 
The naphthalene sublimation experiments were performed in the wind tunnel described in 
section 2.1 using the test section shown in Figure 2.5. Once the test fin had been prepared, the 
entire fin was weighed on a precision ,electronic scale. The test fin· was then placed into center of 
the naphthalene test section to avoid any wall effects, and the test section was inserted into the 
wind tunnel. The test fin was exposed to a specified convective environment in the wind tunnel. 
During the test, the temperature in the test section was recorded using a mercury-in-glass 
thermometer. The phase change at the fin surface lowered the temperature of the fin surface 
slightly below the air temperature, but this temperature difference was calculated using the 
analysis of Mendes [24] to be less than O.02·C which was less than the resolution of the 
thermometer. For this reason, the air temperature was used to approximate the fin surface 
temperature. The temperatures were recorded in five minute intervals, and these temperatures 
were then averaged over the time of the experiment to determine the temperature at the 
naphthalene surface to be used in data reduction. Barometric pressure and relative humidity 
were recorded at the beginning and end of each experiment, and averages of these two values 
were used in data reduction. 
After the test fin was exposed in the wind tunnel, the test section was removed from the 
wind tunnel, and the test fin was removed from the test section and weighed on the precision 
electronic scale. In general, the test fin was exposed to laboratory conditions for approximately 
90 seconds during the removal and weighing steps, and during this time naphthalene from the 
test fin sublimed into the air. An attempt was made to account for this natural sublimation which 
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occurred during the weighing of the test specimen. A test fin was weighed. exposed to. a free 
convection environment at typical laboratory conditions, and re-weighed after apprpximately 3 
minutes. The mass change of the specimen due to free convection during these trials was less 
than 1 percent of the smallest mass change in the forced convection experiments. For this 
reason, the free convection error in the experiments was neglected. 
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CHAPTER 4 
DATA INTERPRETATION 
4.1 Flow VISUalization 
A tYPical digitized vonex image is shown in Figure 4.1. From this image, two important 
vortex dimensions can be determined; the core-to-core (2s) distance and the core-to-plate (3core> 
distance. The vortices tended to exhibit an elliptical cross section, and the core-to-plate distance 
was defined as the distance from the centroid of the innermost fictitious ellipse to the surface of 
the plate. To understand how vonex core-to-core and core-to-p~ distances were used to gain 
insight into the heat transfer enh.ancement of 'the vortices, some additional backgrouixt is 
required. 
Fin 
Figure 4.1 Image of vonex cross-sections obtained with laser sheet imaging 
4.1.1 Vortex Motion 
The location of the vortices relative to the boundary layer has a direct impact on their heat 
transfer effect, and the location of the vortices is governed by their motion. According to 
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potential flow theory, an impermeable plate can be modeled by inttoducing a miITor image 
vortex with circulation that is equal in magnitude but opposite in direction to the Jeal vortex. 
This concept is shown schematically in Figure 4.2. The coordinate systemS is defined as 
follows: streamwise is the x direction, transverse is the y dilection, and normal is the z direction. 
{G Va,b z • + 
Vortex a Score 
y ! FmSurface 
Figure 4.2. The motion of a vortex induced by its interaction with a flat plate, 
envisioned using the method of images. 
Using the notation that Va,b refers to the velocity of vortex a induced by vortex b, the mirror 
image vortex induces the velocity Va,b- Similarly, vortex a induces the velocity Vb,a on the 
image vortex, and the vortex pair willlIlove together to the right The magnitude of this induced 
core velocity is a function of both the vortex strength and the distance from the vortex core to the 
plate, i>core, as given in Equation 4.1 [25]. 
v = r 
a;b 4!.: 7tucore 
[4.1] 
It follows. that the stronger the vortex, the larger the induced core velocity, and similarly, the 
closer the vortex is to the wall, the larger the induced velocity. 
The previous discussion considered the case with one vortex near a flat plate, but the 
delta wing produces a vortex pair which is carried downstream. The additional vortex 
complicates the picture, but the same principles for induced vortex motion apply to the 
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interaetion between the two generated vortices. A schematic of the vortex interactions that take 
place for the case of two vortices generated above a flat plate is shown in the Figure -\3. 
z 
y 
Figure 4.3 
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Schematic showing the induced motion of two vortices above a flat plate 
For the case of two vortices above the plate, each real vortex is influenced by the two 
image vortices and the other real vortex. For a common inflow pair, the induced velocity 
between the two real vortices creates a motion of both vortices toward the plate smace. As 
shown in Figure 4.3, vortex b induces a velocity Va,b on vortex a toward the plate. Similarly, 
vortex b is induced toward the plate at velocity Vb,a. The velocity induced on a real vortex by its 
image vortex tends to separate the real vortices above the plate, thus weakening the interaction 
between the real vortices. The diagonal vortex interaction produces a velocity that opposes both 
of the other two induced velocities. For example, vortex d induces a velocity in the positive y 
and z directions which moves vortex a away from the plate and toward the other real vortex. The 
real vortices comes are also subject to advection by the transverse boundary layer velocity. 
Because of the no-slip condition at the plate smace, fluid within the boundary layer must move 
away from the plate surface to ensure that mass is conserved, and this motion creates a small 
transverse velocity that advects the vortices away from the plate. According to the Blasius 
solution, the transverse velocity is on the order of (J,1UooIpx)ll2 [26]. 
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4.1.2 Impact of Vortex Characteristics on Heat Transfer 
When fluid near a heat exchanger fin is replaced with fluid from the ~tream, the 
temperature gradient at the fin surface is increased, and IIlOI'e heat transfer reSults. This fluid 
exchange is the principle behind heat transfer enhancement with vortex generation. The vortices 
generated by the delta wing are carried downstream by the main flow and move fluid from the 
freestream closer to the fm surface. Both vortex strength and location influence the heat transfer . . 
enhancement of a vortex. 
4.1.2.1 Vortex Circulation 
The ciICulation of a vortex is important in determining how the vortex will enhance heat 
transfer. It follows intuitively that the higher the vortex strength, the larger the bulk mixing 
effect, and the higher the heat transfer enhancement. Images similar to Figure 4.1 were taken at 
x locations of I, 3, 5, 8, and 12 cm, and from these images, the core-to-core and core-to-plate 
distances were determined. The core velocity in the y direction of a real vortex is due to its 
interaction with the other real vortex and the plate (modeled using the method of images). 
Referring to Figure 4.3, vortex a has a velocity in the y direction due to its induced velocities 
from vortex c and vortex d. Using Equation 4.1, superposition, and basic trigonometric relations, 
the y-velocity of vortex a can be written as follows: 
V = --1 . r (12 ) 
. a;, 47t3C01'e 12 + 1 [4.2] 
where 1 = 3eore/s. The interpretation of Va,y is presented in Figure 4.4, and this induced velocity 
can be expressed in terms of the change in y position per unit time. 
V =Ay 
a" At 
Remanging Equation 4.2, 
Ay 47t3 .-COI'e At 
r= 2 
_1 __ 1 
12+1 
[4.3] 
[4.4] 
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According to Batchelor [27], for an inviscid fluid with constant density, " ••• a vortex-tube moves 
with the fluid and its strength remains constant. II Assuming that interactions with the boundary 
layer do not vitiate the treatment of the vortex line as a material line, the transit-time, At, may be 
approximated with the following expression: 
Ax At--
U_ 
Combining Equations 4.4 and 4.5, 
Ay 
47tf,COI'e U _.-
r- Ax 
y2 
---1 
y2+1 
[4.5] 
[4.6] 
Equation 4.6 allows an estimate of the vortex circulation from the flow visualization results and 
measurements of the freestream velocity. 
The path of the vortex line, shown in Figure 4.4, was used to calculate Ay/Ax at a given x 
location in one of three different ways. For the slope at the first x location, 1 em, a forward 
difference scheme was used. 
(AY) = Yi+1-Y1 
Ax 1 xi+1- x1 [4.7] 
The y values in the above equation were obtained by taking the core-~core distance at the 
specified x location and dividing it by two (see Figure 4.1). For the internal x locations (3, 5,8 
em) a central difference was used to calculate Ay/Ax. 
( AY) _ Yi+1-Yi-1 
Ax i - xi+1- xi-1 
Ay/Ax at the final x location (12 em) was calculated using a backward difference. 
( AY) = Ye-Ye-1 
Ax e xe-xe-1 
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[4.8] 
[4.9] 
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Figure 4.4 Schematic showing the path following by the vortices in the X-Y plane 
Th~s method was used to determine the circulation of vortices generated over a wide 
range of delta-wing aspect ratios and angles of attack. The values of circulation were then 
compared to experimental data for delta-wings. Polhamus [28] presented experimental data for 
lift from a delta wing of arbitrary aspect ratio and angle of attack. Polhamus applied the Kutta-
10ukowski theorem to develop the following relation for circulation from a delta wing. 
r K SU_ . 
= ·--·sma 
p 2b [4.10] 
Kp is a constant of proportionality in the potential-flow lift equation, and it is only a function of 
aspect ratio. Values of circulation obtained from digitized images at the x location 1 em from the 
leading edge were compared to the values obtained from Equation 4.10. The trends predicted by 
Equation 4.10 were observed experimentally using Equation 4.6. At a velocity of 0.75 m/s, over 
the entire range of aspect ratios and angles of attack of 10· and 25·, the values of circulation 
obtained from Equation 4.6 were an averag~ of 16.5 percent lower than those obtained using 
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Equation 4.10. The same comparison was performed at a velocity of 1.0 mis, and again the 
circulation values obtained using Equation 4.6 were on the average 17.0 percent lower",.than those 
obtained from Equation 4.10. There are several possible explanations for the lower circulation 
values. First, the Polhamus data were for a free delta wing, but the flow visualization 
experiments were performed with a flat plate behind the delta wing. When the vortices 
encountered. the plate, they turned causing· their cross-sections to be distorted from a circular 
cross section to an elliptical cross-section. This effect which can be seen in Figure 4.1 has been 
reported by other investigators [10], and it could account for some of the deviation from the free 
delta wing data. Also because the wing was attached to a plate , there may have been a separated 
region near the trailing edge of the wing; such a flow would violate the Kutta condition and 
could result in a lower circulation. Another explanation is that the experimental values obtained 
from the ceo images were measured at an x location 1 em from the leading edge of the test fin. 
The vorticity diffused as the vortices moved down the plate, so by measuring the circulation at a 
point downstream from the leading edge the value may be lower than at the trailing edge of the 
wing. 
4.1.2.2 Vortex Placement 
Along with the strength of the vortex, its placement relative to the boundary layer has an 
influence on the heat transfer enhancement potential of a vortex. This effect is easy to see if two 
limiting cases are considered, and these limiting cases are shown in Figures 4.Sb and 4.Sc. In 
Figure 4.Sb, the vortex core is located deep within the boundary layer. When the vortex is very 
near the plate relative to the edge of boundary layer, it circulates boundary layer fluid with small 
temperature gradients. The effect on the temperature distribution and thus the heat transfer is 
limited in· this situation. If the vortex is located very far away from the plate relative to the 
boundary layer, as shown in Figure 4;5c, it circulates isothermal freestream fluid and has little 
impact on heat transfer. Conversely, if the vortex is near the edge of the boundary layer, as 
shown in Figure 4.Sd, it will circulate fluid with a thermal gradient In terms of the energy 
equation, the high vortex circulation creates a large fluid ve~ocity toward the plate surface, and 
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COlTect vortex location creates a large temperature gradient at the plate surface. These two 
effects work together to increase the magnitude of the convective term in the energy equation 
leading to enhanced heat transfer from the plate surface. 
In snmmary, the heat transfer enhancement potential of a longitudinal vortex depends on 
vortex strength and location relative to the thermal boundary layer. It is expected that a 
promising vortex should have a large circulation and be located near the edge of the boundary 
layer. 
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Figure 4.5 Schematics showing vonex placement relative to the boundary layer. (a) 
a singlevonex interacting with a boundary layer on a flat plate. (b) the 
vonex core is embedded in the boundary layer and is exchanging fluid of 
nearly constant concentration. (c) the vortex core is located far out of 
the boundary layer and is circulating fluid of constant concentration far 
away from plate (d) the vortex core is located near the edge of the 
boundary layer. 
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4.1.3 Definition of Goodness Factor 
The goodness factor, 0 is an attempt to represent the impact of vortex strengtl} and vortex 
location on the heat transfer enhancement The defInition of the local goodness factor is given in 
Equation 4.11. 
[4.11] 
Since core-to-plate distance and circulation are measured at different x locations, Equation 4.11 
is a local function of x. To evaluate the impact. over the entire plate, Equation 4.11 can be 
integrated to give the following expression: 
L 
- If O=L Odx [4.12] 
o 
The goodness factor is large when the circulation is high and when the core is located near the 
edge of the boundary layer. According to potential flow theory, the velocity in an inviscid vortex 
varies linearly with the vortex circulation[27]. The convective terms in the energy equation also 
depends linearly on velocity, so a linear dependence on vortex circulation is a reasonable 
assumption. For this reason, the goodness factor defined in Equation 4.11 varies linearly with 
vortex circulation. 
The exponential behavior of the vortex placement portion of Equation 4.11 is shown in 
Figure 4.6. This function has a maximum at ~ = 1, and decays to zero at ~ = 0 and approximately 
~ = 2.5. By defining ~ as the ratio of ~ore to~ .. the desired weighting is obtained. When the 
core height equals the boundary layer thickness, the function reaches a maximum. When the ~ 
ratio goes to zero and approximately 2.5, the value of 0 also goes to zero. The form of this 
function is based entirely on the supposition that vortices have a larger impact on heat transfer 
when they are located near the boundary layer edge. 
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Figure 4.6 Plot showing exponential weighting function used for vortex placement 
The function vanishes for ~ = 0 and ~ ~ 2.5 
4.2 Naphthalene Sublimation 
Data interpretation for the naphthalene sublimation technique is well established and has 
been described extensively in the literature[23, 24]. The Sherwood number, Sh is a primary 
quantity of interest, and it is defined as, 
- h",L Sh=-
Dna 
[4.13] 
The mass diffusivity can be determined using a correlation by Cho et ai.[29], and the average 
mass transfer coefficient, h", ,is 
- Ilm h",=---
AfPII.v llt [4.14] 
The mass change and exposure time are measured experimentally, and the exposed naphthalene 
area is known. The naphthalene vapor density is calculated from the ideal gas law using the 
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vapor pressure of naphthalene at the test fin surface which is calculated from a correlatio~ [30]. 
Once ii". and Sh have been determined, the heat and mass analogy can be used fO infer the 
Nusselt number, Nu 
[4.15] 
Further data interpretation details for the naphthalene sublimation technique may be found in 
AppendixB. 
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CHAPTERS 
RESULTS AND DISCUSSION 
~. 
Flow visualization experiments were performed with a delta-wing vortex generator 
located at the leading edge of a flat plate. The data were reduced using the equatio~s presented 
in section 4~ 1, and local and average goodness factors were calculated. Since the concept of a 
goodness factor is based on theoretical arguments, naphthalene sublimation data were recorded 
to experimentally verify the goodness factor. The pressure drop penalty associated with the heat 
transfer enhancement was considered theoretically using experimental data for drag on delta 
wings and the Blasius solution for drag on the flat plate. The l~al goodness factor results will 
be presented flI'St, then average g~ess factor, naphthalene SUblimation, and pressure drop 
penalty results will be presented. 
5.1 Local Goodness Factor 
V~ex images were recorded at five streamwise locations, and the images were used to 
determine·local goodness factors. Data were recorded at locations 1, 3, 5, 8, 12 em from the 
leading edge of a flat plate for approximate freestte8m velocities of 0.75 mis, 1.0 mis, and 1.25 
mls.(2.46 ft/s, 3.28 ftls, 4.10 ftls). Wing aspect ratios of 0.5, 1.0, 1.5 and 2.0 and wing.angles of 
attack of 10-, 25-, 40-, and 55- were considered. By examining the local behavior of both vortex 
strength and location, the behavior of the local goodness factor can be explained. 
Vortex circulation, inferred from image analysis, is plotted as a function of x at a wing 
angle of attack of 25- and aspect ratios of 0.5 and 2.0 in Figure 5.1. According to Figure 5.1, the 
apparent vortex circulation decays as the vortex is carried down the plate. This decrease in 
circulation may be caused by viscous diffusion. As the vortices are carried down the plate, the 
viscosity in the fluid causes the vorticity to diffuse. The circulation also has an impact on the 
induced vortex motion. The interaction of a vortex with its image causes the real vortices to 
spread as they travel down the plate. This spreading weakens the induced velocity of the real 
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vortices toward the plate surface because the distance between the vortices is increasing. As the 
vortices spread the 'Y ratio gets smaller, the magnitude of the z component of the indu~ed velocity 
from the diagonal image vortex approaches the magnitude of the velocity induced by the other 
real vortex. These induced velocities are opposite in direction, and this balance in induced 
velocities allows the transverse ooundary layer velocity to advect the vortices away from the 
plate. 
30 ~--~----~----~----~--~----~----~ 
~ 
[J 1 I: 
! 25 ··_·· .. ·_·--f·--· ------r--.. --.. --.. r-.. ----t----r----
I I I I !'--G- ~=0.5 ! 
";;' 20 ·-·_···_·f········_-_····t············ .. ~-.--, -e- A = 2.0 ;;-- :::e  : 
....... 
c.> 1 1 i 
~ i i 
g 15 --"0"-; --'0- 1··············- r-" '--'-r-- 1---1-'---
I ; I ~ I I. 10 ·················1-·····_···_······r··- ····_··-r·················-r·········· .... _ .. - ...... , .. - .. - ... _-
~ i f ~ 
! ! ~~!----~----~-e 
~ ~ 5 ~--~____ ~____ ~ ____ ~ ____ ~ ____ ~ __ ~ 
o 2 4 6 8 10 12 14 
x [cm] 
Figure 5.1 Vortex circulation as a function of x at a = 25-, Uoo = 0.75m/s and A = 
0.5 and 2.0. Curves added to increase readability. 
Along with the vortex circulation, vortex location also influences the local goodness 
factor. Figure 5.2 shows a plot of the ratio of core-to-plate distance to concentration ooundary 
layer thickness, ~ versus x, at a wing angle of attack of 25- and aspect ratios of 0.5 and 2.0. The 
concentration ooundary layer thickness is used so that a comparison to naphthalene sublimation 
data can be made. Initially the vortex core is located well out of the concentration ooundary 
layer, but as the vortex moves down the plate, it approaches the edge of the ooundary layer. For 
ooth aspect ratios, the vortex core is initially generated outside the ooundary layer because the 
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boundarY layer has developed over a plate length of only 1 CID. As the vortices are canied 
downstream, the core height for the A = 0.5 generator decreases more rapidly anel. eventually 
enters the boundary iayer. The core height for the A = 2.0 generator decreases more slowly and 
never enters the boundary layer. These trends can be explained by considering the geometry of 
the delta-wing vortex generators. The two longitudinal vortices generated by the sma])er aspect 
ratio wing are closer together initially becaUse of the small wing span associated with the 0.5 
aspect ratio wing. The span of this wing is 0.32 em (0.125 in), so the vortices will leave the 
generator at most 0.32 em apart. Conversely, the A = 2.0 wing has a span of 1.27 em (0.5 in), so 
its vortices will be created much farther apart. When two vortices are close together, their 
mutual interaction is stronger. When the vortices are close together, the value of 'Y is small, and 
therefore the z component of ~uced velocity from the diagonal image vortex is weak. The 
induced velocity between the two real vortices is then able to overcome both the diagonal vortex 
interaction and the transverse Velocity to remain near the plate. 
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Figure 5.2 C as a function of x for a = 25., U_= 0.75 mls and A = 0.5 and 2.0. 
Curves added to increase readability. . 
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The local goodness factor is a combination of the vortex strength and the vortex location. 
A plot of the local goodness factor is shown in Figure 5.3 for the same conditions of;;Figures 5.1 
and 5.2. Initially, the low value of C dominates and the value of 0 is low. At x=3 em, the local 
goodness factor peaks because while the circulation stays relatively constant at its initial value 
for both aspect ratios, the vortex core moves closer to the edge of the boundary layer. It should 
be noted here that the vortex cores did not move closer to the plate, the ratio of core height to 
boundary layer thickness decreased because the boundary layer was growing faster than the 
, 
vortices were moving away from the plate. 
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Figure 5.3 Plot of local 0 as a function of x for a = 25-, U_ = 0.75 mis, and A = 
0.5 and 2.0. The curves were obtained from polynomial regression, and 
their analytical form is shown in Appendix B. 
For the A = 0.5 wing, the vortex core is approximately located at the edge the boundary 
layer at x = 3 cm, and it moves with the boundary layer edge until after x = 5 em. With very 
similar values of the C ratio at x = 3 cm and 5 cm, the difference in local goodness factors at 
these two locations can be attributed to the higher circulation at x = 3 cm as seen in Figure 5.1. 
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A combination of large vortex circulation and effective vortex placement at the x = 3 em location 
produces the local maxima seen on Figure 5.3. As x increases further, the benefitpf both the 
vortex location and vortex circulation decrease, causing the value of local goodness factor to 
decrease~ 
For the A = 2.0 wing, the local goodness factor also exhibits a maximum at x = 3 cm. At 
x = 1 em, the vortex is placed far out of the concentration boundary layer and C is large. (see 
Figure 5.2). The local goodness factor is low because the fluid being circulated is far from the 
plate and of a nearly uniform concentration. As x increases to 3 em, the value of the goodness 
factor reaches a maximum for the same reason it peaked for the smaller aspect ratio. While the 
circulation remained nearly constant, the vortex core moved closer to the concentration boundary 
layer. At this location, the vortex was circulating fluid with a larger concentration difference at 
rougbly the same strength as at the x = 1 cm location. Farther downstream, the circulation 
decreases, and this effect dominates the effect of the vortex core moving closer to the boundary 
layer edge resulting in a decrease in the value of local goodness factor. 
Further insights can be gained from a deeper consideration of local circulation, as 
provided in Figure 5.4. For low values of circulation, the decrease in circulation with sttmmwise 
position is smooth as seen in Figure 5.1. However, for high values of circulation, a sharper, 
more pronounced decrease can be observed at x = 5 em. The steep decline in circulation exists 
for all cases with large values of circulation. The reason for this behavior lies in a fundamental 
approximation made in the analysis. The expression for vortex circulation given in Equation 4.6 
approximates the vortices as inviscid, the experiments were performed in a real fluid with a non-
zero viscosity. The only mechanism for destroying vortex circulation is viscous diffusion, so the 
circulation decreases with increasing x because of the viscous forces in the fluid. The larger 
circulations decay more rapidly leading to the conclusion that viscous effects are more prominent 
for strong vortices. At large x locations for the large circulations, the vortex became unstable 
and obtaining vortex dimensions from the digital images became impossible. The region where 
this behavior was observed was labeled the vortex breakdown region. 
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Figure 5.4 Circulation as a function x for various cases with large circulation. 
Vonex breakdown is labeled for the larger circulations. Curves added to 
enhance readability. 
A plot of local goodness factor at an increased freestream velocity is presented in Figure 
5.5. The main difference between this plot and the same plot at a lower velocity is that the 
maximum in local goodness factor has moved to an x location farther down the plate. The 
maximum f~ A = 2.0 wing does not occur until after the distance of 8 em. This behavior is due 
to the location of the vortices with respect to the boundary layer. Higher freestream velocities 
result in thinner boundary layers as seen in Figure 5.6. 
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The maximum of the local goodness factor for the A = 0.5 wing is shifted to larger x 
locations. Even though the maximum of the curve occurs at x= 3 em, just as it did fotU_ = 0.75 
m/s, the drop off at larger x is not as sharp indicating a shift of high local goodness factors to 
larger x values. For the case with the freestream velocity of 0.75 m/s (2.46 ft/s ) shown in Figure 
5.2, the f(~) value reaches its maximum value of one approximately 3 em (1.18 in) from the 
leading edge, but when the freestream velocity is increased to 1.0 m/s (3.28 ftls), the x location 
where the ~ value equals one has moved to approximately 7.5 em (2.95 in). With the behavior of 
the circulation being nearly the same as for the lower velocity, the local goodness factor has its 
highest values when the vortex core is closer to the edge of the boundary layer, and that occurs at 
larger values of x. 
The change in the behavior of the local goodness factor at higher velocity is caused by the 
increase in the ratio of l6re to~. There are two things which could cause this ratio to increase; 
the core of the vortex could be farther away from the plate, or the boundary layer could be 
thinner. Figure 5.7 shows a plot of 6core for the two different velocities at an aspect ratio of 2.0, 
and the ~-to-plate spacing is not a strong function offreestream velocity. 
Since the cause of the change in ~ with velocity is not a change in vortex core-to-plate 
spacing, it must be a result of a thinner boundary· layer. The well-known Blasius solution 
determines the velocity distribution for flow over a flat plate at zero incidence. A numerical 
solution to the differential equation of Blasius gives Equation 5.1 for the thickness of the viscous 
boundary layer[261. 
[5.1] 
This equation holds for the velocity boundary layer, but the analogous behavior of the heat, 
mass, and momentum boundary layers allows the .idea to be extended to the mass and heat 
transfer boundary layers. This increase in ~, caused by thinning boundary layers, is responsible 
for the shift in the maxima of the local goodness factor at higher velocities. 
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Figure 5.7 ~core as a function of x for A = 2.0, a = 25, and Uoo= 0.75 mls and 1.0 
mls. Curves added to enhance readability. 
S.2 Average Goodness Factor 
The average goodness factor represents the influence of the vortices on the heat transfer 
over the length of the plate. The average goodness factor is determined by integrating the local 
goodness factor over the streamwise length of the plate, as described in Section 4.1.3. Both mass 
transfer and heat transfer boundary layers will be considered. Mass transfer is considered 
because it.allows verification using the naphthalene sublimation technique, and heat transfer is 
considered because it is relevant to heat exchangers in HV ACIR industry. 
5.2.1 Mass Transfer Goodness Factor 
The local goodness factors were integrated to obtain average goodness factors, and these 
average goodness factors are presented in contour plots in aspect ratio versus angle of attack for a 
constant freestream velocity. This format allows the optimum combination of aspect ratio and 
angle of attack to be determined for a given freestream velocity. 
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COntour plots showing lines of constant average mass tranSfer goodness factor U. aspect 
ratio and angle of attack space are presented in Figure 5.8. Figure 5.8a shows a IQ8Ximum in 
average goodness factor at A = 1.0 and a = 40-. The reason for this maximum is·that·the values 
of local goodness factor were high for this particular delta wing arrangement. The effect of 
increasing velocity can be seen by examining Figure 5.8b which shows the behavior of the 
average mass transfer goodness factor at a freestream velocity of 1.0 mls (3.28 ftls). While the. 
maximum remains at the A = 1.0 and a = 40- position, some changes accompanying the 
increased velocity should be noted. For the case where the velocity is 0.75 mls (2.46 ft/s), the 
peak is nearly symmetric for changes in aspect ratio ·or angle of attack. In other words, the 
behavior of the average goodness factor is nearly the same at a + Aa and a - Aa (or A + AA and 
A - AA). For example, the value at A = 1.5 and a = 40- is very similar to the behavior at A = 0.5 
.1 t 
and a = 40- ~ With respect to angle of attack, the behavior at A = 1.0 and a = 30- is very near to· 
I· II i ' 
the goodness factor behavior at A = 1.0 and a = 50-. This symmetry results in a contour plot 
with nearly concentric ellipses smrounding the maximum. 
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Figure 5.8 Plots showing lines of constant mass transfer goodness factor in A-a 
space. Figure 5.8a is for a freestream velocity of U_ = 0.75 mis, and 
Figure 5.8b is for a freestream velocity of U_ = 1.0 mls 
For the higher velocity plot shown in Figure 5.8b, this symmetry is distorted with lines of 
constant average goodness factor being skewed toward lower aspect ratios. This indicates that at 
higher velocities, the peak in average goodness factor may shift to wings with smaller angles of 
attack. . Smaller angle of attack generally translates to lower circulation, but the circulation 
increases with freestream velocity. Since these effects tend to counteract each other, the reason 
for the shift to lower angles of attack must be the vortex location. Higher freestream velocities 
cause thinner boundary layers to develop at a given x. If lower angle of attack wings produce 
vortices whose cores are closer to the plate and thus the boundary layer, the goodness factor 
associated with these vortices would increase, resulting in a shift of the curves to lower angles of 
attack. The vortex core-to-plate distances for different angles of attack at an wing aspect ratio of 
0.5 are shown in Figure 5.9. Figure 5.9 does indeed show that smaller angle of attack delta 
wings generate vortices closer to the plate, supporting the idea that the boundary thinning at 
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higher velocities causes the maximum in the goodness factor to shift toward lower angles of 
! 
attack. 
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Figure 5.10 Plot showing lines of constant mass transfer goodness factor in A-a 
space for Uoo = 1.25m/s . . 
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Figure 5.10 shows Q for a freestream velocity of 1.25 mls (4.10 Ns). The value-of the 
average goodness factor is approximately equal at A = 1.0 and a = 40- and A = 1.0 and a = 25., 
where it is a maximum. 
Figures 5.8 and 5.10 were obtained by integrating the local goodness factors over the 
entire length of the plate. Since the chord length was a constant for all experiments, this 
- . 
effectively -fixed the ratio of chord length to plate length. The local data were fit using a -
polynomial function in x, and the length over which the local goodness factors were integrated 
was changed to study the effect of varying the plate length to wing chord ratio on the average 
goodness factor. The mass transfer average goodness factor for two cases is plotted in Figure 
5.11 as a function of the ratio of length of integration to chord length. The average goodness 
factor is only significandy decre~ed for a plate with a length less than three chord lengths, and 
the vortex continues to be an effective heat transfer enhancement mechanism several chord 
lengths down the plate surface. For all experiments conducted, the vortex remained effective 
more than ten chord lengths downstream. 
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5.2.2 Heat Transfer Goodness Factor 
The preceding discussions of the goodness factor have all been for a mass-~H'er-based 
goodness factor (t def'med with respect to the concentration boundary layer thickness). Heat 
transfer results are also important, and for this case, instead of evaluating the vortex core height 
relative to the concentration boundary layer thickness, it is compared to the thermal boundary 
layer. 
The average heat tranH'er goodness factors for freestream velocities of 0.75 mls, 1.0 mis, 
and 1.25 mls (2.46 ft/s, 3.28 ft/s, and 4.10 ft/s) are presented in Figure 5.12. For the heat transfer 
goodness factor the most effective vortex placement is farther away from the plate at the edge of 
the thermal boundary layer. The relationship between the concentration and thermal boundary 
layer thicknesses is [31] 
(SC)J1 ~th = ~COll· Pr [5.2] 
For these experiments, the Schmidt number had a value of approximately 2.5, and the 
Prandtl number was approximately 0.7. According to Equation 5.2, the thermal boundary layer 
is approximately 53 percent thicker than the concentration boundary for a given freestream 
velocity. This thicker boundary layer means that the vortex core will be located near the edge of 
the thermal boundary layer at a smaller x location. According to Figure 5.12&, maximum heat 
transfer, average goodness factor for U_ = 0.75 mls occurs at A = 1.0 and a = 40-. The heat 
transfer goodness factor at a freestream velocity of approximately 1.0 mls (3.28 ft/s) is shown in 
Figure 5.12b. At this higher velocity, the maximum does not shift, but it does strengthen. The 
value of n at the peak of the 0.75 mls plot was approximately 27 cm2/s, and when the velocity 
was increased to 1.0 mis, the value at the peak increased to approximately 80 cm2/s. There are 
two reasons for the increase. The first reason is that the circulation increased as the velocity 
increased enhancing the bulk mixing effect of the vortex. The second reason is the thinning of 
the thermal boundary layer. In the mass transfer case, the boundary layers were very thin, and 
they had to grow over some x distance to bring the vortices into a promising position. 
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Figure 5.12 Plots showing lines of constant heat transfer goodness factor in A-a 
space. Figures a, b, and c are for Uoo=O.75 mis, 1.0 mis, and 1.25 mls 
respectively. 
For the the1mal boundary layers, the vortices are already inside the thicker boundary layer after a 
very smaIl x distance. At higher velocities, the boundary layer is thinner allowing the vortices to 
stay near the edge of the boundary layer for a longer x distance. The longer the vortices stay near 
the edge of the boundary layer, the higher the value of the average goodness factor ~usc the 
vortices are able to interchange fluids with large temperature differences near the plate surface. 
The behavior of the average heat transfer goodness factor at a freestream. velocity of 1.25 
m/s (4.10 ft/s) is shown in Figure 5.12c. The maximum in the average goodness factor has 
shifted to A = 1.5 and a =. 25-. The shift is not the expected result based on the mass transfer 
data, but the reason for the change is clear. As was the case with the mass transfer goodness 
factor, the peak did shift to lower angle of attack, but it also IDOved to a larger aspect ratio. The 
larger aspect ratio wing produces vortices that are initially farther apart due to the large span of 
delta wing vortex generator. The discussion in section 5.1 explained why when vortices are 
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initially farther apart, they will move away from the plate faster. This behavior occurs because 
the induced velocity that moves the vortices toward the plate is weaker because of ~ increased 
distance between the two vortices. This particular amngement of aspect ratio, angle of attack, 
and freestream velocity produced a pair of vortices that were able to remain near the edge of the 
thermal boundary layer over a large x distance. The lower angle of attack would tend to 
decrease the magnitude of the circulation, but the increased freestream velocity would increase 
the circulation. The combination of vortex location and strength produced a maximum in the 
average heat transfer goodness factor. 
5.3 Naphthalene Sublimation Results 
The form of the goodness faCtor was chosen for reasons discussed in section 4.1.2, but its 
exact functional form is somewhat arbitrary. This form was developed as an initial attempt to 
separate the effects of vortex strength and vortex location, and the only way to verify the idea of 
the goodness factor is to compare it to heat or mass transfer data. Verifying the goodness factor 
concept was the motivation behind performing the naphthalene sublimation experiments. 
Experiments were performed for vortex generator geometries having high, medium, and 
low average mass transfer goodness factors for each of the three velocities. The data are 
presented as a ratio of Sherwood number with the enhancement to Sherwood number for a 
baseline case with no generator. The baseline cases for these mass transfer experiments were 
compared with the value from the numerical solution to. the Blasius equation and found to 
deviate slightly. The source of this deviation is described in Appendix C. Figure 5.13 shows the 
mass transfer results superimposed on the contour plot showing lines of constant mass transfer 
goodness factor for a freestream velocity of 0.75 m/s (2.46 ftls). The capital letters on the 
contour plot refer to the entry in . naphthalene sublimation data legend at the right of the plot, and 
the numbers in this legend represent the ratio of Sherwood number with the vortex generator to 
the baseline Sherwood number with no generator. 
59 
The results shown in Figure 5.13 suppon the idea of the goodness factor with one 
exception. The point labeled C has a mass transfer enhancement ratio of 1.39, wWle the peak 
value is 1.423. There is a 2.3 percent difference between these two values which is within the 
experimental uncertainty, the uncertainty of the Shen I Sho ratio is approximately 5.6 percent, 
therefore, according to this result these two points are indistinguishable. The other points on 
Figure 5.13 are in complete agreement with the goodness factor predictions. The value at A = 
0.5 and a = 10· is the lowest, showing just a 10.7 percent increase over having no generator at 
all. The value of the mass transfer enhancement ratio at A = 1.0 and a = 25· is 1.28 which' is 
slightly over 10 peICent lower than the value at the peak location. 
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Figure 5.13 Plot showing the ratio of She" I Sho superimposed on mass transfer 
goodness factor contour plot for Uoo = 0.75m/s 
A similar plot for the freestream velocity of 1.0 m/s (3.28 ft/s) is shown in Figure 5.14. 
The results at the velocity of 1.0 m/s (3.28 ft/s) are in complete suppon of the goodness factor 
data. Again, where the goodness factor predicted poor mass transfer enhancement at A = 0.5 and 
a = 10·, the mass transfer was only enhanced by 7 percent over the case with no vortex 
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generator. At A = 1.0 and a = 40-, the goodness factor contour plot has its maximum value. The 
Sh .. I Silo ratio also had its maximum value of 1.43 at this location indicating a "'43 percent 
increase in average mass transfer. The values of Sh.. I Silo near the peak, inC?luding the point at 
A = 1.S and a = 40-, are on the average approximately 8 percent lower than the value at the 
optimum vonex generator. ~e value of Sh .. I Sho at A = 1.S and a = 40- is still ~e largest of 
the surrounding values, but it is smaller than the optimum ratio by slightly over 6 percent which . 
is greater than the S.6 percent uncertainty of the measurement. 
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Figure S.14 Plot showing the ratio of Sh .. 1 Sho superimposed on the mass transfer 
goodness factor contour plot for U_ = 1.Om/s 
The goodness factor is also supported by mass transfer data at a freestream velocity of 
1.2S mls (4.10 ft!s), as shown in Figure S.lS. The low value of the average goodness factor at A 
= O.S and a = 10- was verified ·by·the mass ·transfer data with a mass transfer enhancement of 10 
percent. Because of the boundary layer thinning effects discussed in section S.l, the inaximum 
in the mass transfer goodness factor shifted to include both a = 25- and 40- at A = 1.0. The 
mass transfer data also reflect this shift. The value of Sh .. f Sho at A = 1.0 and a = 40- is 1.41, 
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and the value of this ratio at A = 1.0 and ex = 25- is 1.36. These two values differ by only 3.5 
percent which is within the experimental uncertainty. The largest value of the SIW·/ Sho ratio 
near the maximum is again the value at A = 1.5 and ex = 40-, and the value of the mass transfer 
enhancement ratio at this point is 1.328 which is approximately 6 percent lower than the value at 
A = 1.0 and ex = 40-. This difference is greater than the experimental uncenainty t and one is 
justified in Stating that the maximum predicted by the goodness factor data is indeed verified by 
mass transfer data. The other points near the maximum on the goodness factor plot have 
Shl!lll Sho ratios which are on the average 8.7 percent lower than the value at the peak, lending 
further support to the goodness factor. 
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Figure 5.15 Plot showing the ratio of S~ I Shosuperimposed on the mass transfer 
goodness factor contour plot for U_ = 1.25 mls 
A complete representation -showing the- verification of the goodness factor is given in 
Figure 5.16. This figure shows the mass transfer enhancement ratio for each Reynolds number 
plotted as a function of its average goodness factor. The general trend in the plot shows that the 
combinations of delta wing geometries and flow conditions with high goodness factors did have 
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higher mass transfer enhancements. The non-linearity of the data lead one to conclude that the 
goodness factor definition is not perfect. Refining the functional form of the goo4ness factor 
might produce a function with a more linear plot of mass transfer enhancement versus goodness 
factor. 
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Figure 5.16 Plot of average goodness factor versus heat transfer enhancement ratio 
for Uoo = 0.75 mIs, 1.0 mIs, and 1.25 m/s. 
5.4 Pressure drop 
A pressure drop penalty is associated with the heat transfer enhancement obtained with 
vortex generation. In addition to ·the normal friction drag from the flat plate, there is now a drag 
from by the vortex generator. No experiments were performed to measure the pressure drop 
penalty direcdy, but calculations were performed to predict the pressure drop encountered for the 
entire test matrix. 
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Calculations were performed to determine the ratio of drag with the enhancement to drag 
on the plate alone. The total drag associated with the plate with vortex generator is,,the sum of 
the delta wing drag and the friction drag on the plate itself. The drag on the delta wing was 
determined using a correlation developed by Polhamus[28]. The data upon which this 
correlation are based were used earlier in section 4.1.2.1 to determine the vortex circulation. 
Polhamus presents Equation 5.3 as a correlation for lift coefficient from a delta wing as a . 
function of three variables. The experimental circulation data agreed with Polhamus' data to 
within approximately 17 percent, and the trends in the data were predicted by the equation from 
Polhamus. Therefore, it is reasonable to use a correlation based on the same data to calculate 
drag and predict pressure drop penalty. 
CL = Kpsin(a)cos2(a) + ~vcos(a)sin2(a) [5.3] 
Kp is a constant of proponionality in the potential-flow lift equation, and Kv is a constant of 
proportionality in the vortex lift equation. Polhamus provided plots of Kp and Kv plotted as 
functions of delta wing aspect ratio. Elementary trigonometry can be used to develop the 
expression "for drag coefficient [32]. 
[5.4] 
The definition of drag coefficient was then used to determine the drag force on the delta wing. 
Substituting the appropriate plailform area into the definition of the drag coefficient yields the 
following expression for drag force on a delta wing: 
D = CDpu 2bc 
vg 4 - [5.5] 
The drag on the flat plate was calculated using the definition of drag coefficient on a flat 
plate shown below in Equation 5.6[26]. 
C _ 2D 
D,p/Qte - 1 2 
2 PU- AI 
[5.6] 
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Af is the area of the exposed naphtlialene on the plate smace. The area was chosen to 
ensure that the pressure drop was computed in a manner that allowed a valid comparison of heat 
transfer enhancement versus pressure drop penalty. Equation 5.6 was then combined with the 
well known Blasius solution to obtain the drag force on the plate presented below[26]: . 
D _pU_2 L1.328 /Jlt*--w ~
'. 2 . -VReL 
[5.7] 
The data are presented as a ratio of total drag with the vortex generator to drag on the plate 
without the delta wing. A plot of the drag ratio as a function of angle of attack for the three 
Reynolds numbers and four aspect ratios is presented in Figure 5.17. 
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Figure 5.17 Plot showing the ratio ofDen/Do versus a for Re = 5300, 6900,9000 and 
A = 0.5, 1.0, 1.5, and 2.0. Curves added to enhance readability. 
The drag ratio increased with freestream velocity, angle of attack, and aspect ratio. The 
increase with velocity can be explained by using Equation 5.5 and noting that the drag on the 
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wing· increases as the velocity squared. The increase with aspect ratio and angle of attack have 
equally logical explanations. When the aspect ratio of the delta wing is increased at aJixed angle 
of attack. the drag coefficient increases because the values of Kp and Kv in Equation 5.3 both 
increase with increasing A Equation 5.4 shows that CD increases with increasing angle of attack 
for 0 S a S 1t/2. The drag on the plate increases like U_2 according to Equation 5.7. For a~t 
ratios of O.5.and 1.0 at low angles of attack. the drag from the vortex generator is small compared 
to the friction drag of the plate. As the angle of attack is increased the amount of the drag caused 
by the delta wing becomes prominent and accounts for approximately 64 percent of the total chg 
at A = 1.0, a = 55-, and U_ = 1.25 m/s. The fraction of the total drag caused by the delta wing 
becomes much larger for the larger aspect ratios. At an angle of attack of 55-, the delta wing 
produces approximately 80 percent of the total drag for the velocities between 0.75 m/s and 1.25 
m/s. 
The particular application dictates exactly what role the pressure drop plays in selecting a 
vortex generator·for heat transfer enhancement. If the fan is oversized, then air-side pressure 
drop can be tolerated if it results in a significant increase in heat transfer. Alternatively, if air 
side pressure drop is critical, its effect must be considered in conjunction with the heat transfer 
enhancement. Once the importance of the pressure drop has ~n assessed, its influence could 
be incorporated into a performance evaluation criteria. . 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
A technique for assessing heat transfer enhancement of a vortex generator from flow . 
visualization was developed and verified. The pressure drop penalty aSsociated with these heat 
transfer enhancements was calculated using experimental data for delta wings. The following 
conclusions can be drawn from this project: 
1. Vortex strength and vortex location relative to the boundary layer play very important 
roles in the heat transfer enhancement due to a vortex generator. 
2. The effects of vortex strength and vortex placement can be combined into a goodness 
factor that is useful in exploring the design of vortex generators. 
3. Plots of average goodness factor were developed for both heat and mass transfer. 
These plots predict the enhancement performance of a delta wing vortex generator for 
aspect ratios ranging from 0.5 to 2.0 and angles of attack varying from 10· to 55· for flow 
conditions typically encountered in HV ACIR applications. 
4. For optimum configurations, a maximum average heat transfer enhancement of 42.3 
percent was realized at Uoo = 0.75m/s. The maximum average heat transfer enhancement 
was 43.0 percent at Uoo = l.Om/s, and 41.0 percent at Uoo = 1.25m/s. 
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5. The pressure drop for a delta wing vortex generator on a flat plate was calculated and 
presented. The ratio of DenIDo increases with wing aspect ratio. wing angle of.a.ttack. and 
Reynolds number. 
6.2 Recommendations 
Design recommendations for a single delta wing placed at the leading edge 0{ a plate-fin 
heat exchanger are summarized in Table 6.1. The aspect ratio and angle of attack given at a 
particular face velocity should provide the best heat transfer enhancement 
Table 6.1 
Face Velocity Angle of Attack Aspect Ratio Sh.ISho DenIDo 
[m/s] a A 
0.75 40 1.0 1.42 1.75 
1.00 40 1.0 1.43 1.90 
1.25 25/40 1.0 1.41 1.512.0 
This research represents the fust phase of ong~ing work in this area, and it will allow 
further work to focus on promising applications of longitudinal vortex generation. The following 
areas will ~ studied: 
• Other vortex generator geometries and locations will be considered. Both tip 
vortices. which are generated by wings and winglets, and junction vortices. which are 
.generated by surface protuberances. will be evaluated at various locations on the 
fm. 
• The effect of multiple fin and tubes will also be considered. The interaction 
between the secondary flow structure from the tube and the longitudinal vortex will 
be explored. 
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• the pressure drop penalty will be measured for each geometry, and it will be 
combined with the heat transfer enhancement to develop performance evalpation 
criteria that will aid designers in heat exchanger design. 
Testing of vortex generators in a full-scale heat exchanger needs to be performed to 
evaluate real-world considerations like frosting. and fouling. The possibility of adaptive heat 
exchangers which could adapt their geometry to the flow conditions could be explored. 
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APPENDIX A 
THE HEAT AND MASS ANALOGY 
The heat and mass analogy is the cornerstone of the naphthalene sublimation technique. 
The analogy allows heat transfer data to be inferred from mass transfer data collected by the 
naphthalene sublimation technique. In order to understand the heat and mass analogy, one must 
consider the differential equations which model the physics. These equations are the 
conservation of mass, linear momentum, energy, and species. 
A.I Derivation of Heat and Mass Analogy 
In refrigerator-freezer evaporators, the flow typically encountered is a laminar, steady, 
two-dimensional flow. Consider this type of flow with the following additional assumptions. 
Buoyancy is negligible when compared to inertial and pressure forces, and the thermophysical 
properties can be considered constant and uniform. Additionally, the streamwise velocity is 
assumed to be much larger than the transverse velocity, and the viscous, thermal, and 
concentration gradients normal to the fin surface are all assumed to be much larger than those in 
the flow direction. Viscous dissipation within the fluid is negligible, and the flow is free of 
internal heat generation and chemical reactions. Finally, the fluid is assumed to be a dilute 
solution of species B in species A. Given these assumptions, the following differential equations 
model the physics of the flow. 
au + av =0 
ax az 
au au 1 ap ~a2u 
u- + v- = ---+--ax az pax p az2 
[A.I] 
[A.2] 
[A.3] 
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These equations are subject to the following boundary conditions: 
u(x,O) = 0 
u(x,oo) = U. 
u(O,z) = U. 
v(x,O) = 0 
T(x,O)=Tw 
T(x,oo) = T. 
T(O,z) = T. 
CA(x,O) = CA•s 
CA(x,oo) = CA •• 
CA (0, z) = CA •• 
[A.4] 
[A.5] 
[A.6] 
[A.7] 
[A.8] 
In order for an analogy between heat and mass to hold, both the governing differential 
equations and boundary conditions must be of exactly the same form. In addition, for the wall 
boundary condition on v to hold, the transverse wall velocity must equal zero. This assumption 
along with its connection to the dilute assumption will be discussed later in this appendix. The 
equations and boundary conditions can be simplified by introducing the following dimensionless 
variables. 
• x 
x =-
L 
• z 
z =-
L 
• u 
u =-U. 
75 
p.- p 
- pU_2 
Substituting the non-dimensional variables, the governing equations and boundary conditions 
become the following. 
dU· + dV· =0 
dX· dz· 
• • • 2 • • du • dU d p 1 d u 
u -. +V -. =---. +----dx dz dx ReL dZU 
~c • • ~C • 1 ~2C· u._U_A_+v _u_A_= U A 
dX· dz· ReLSc d/2 
[A.9] 
[A. 10] 
[A.ll] 
[A. 12] 
Again, ~ese equations are subject to the following non-dimensional boundary conditions. 
u·(X·,O) = 0 
u·(x·,oo) = 1 
u·(O,/) = 1 
v·(X·,O) = 0 
T·(x·,O) = 0 
T· (x ·,00) = 1 
T·(O,z·) = 1 
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[A.13] 
[A. 14] 
[A. IS] 
c/(x·,o) = 0 
C/(X·,oo):: 1 
C/(O,Z·) = 1 
; [A.l61 
In non-dimensional form, it is easier to see that the conservation of energy and conservation of 
species equations are. indeed analogous. It is now helpful to analyze the functional forms of the 
solutions to the conservation equations. The solutions for u· and v· can be expressed in the 
following functional fonn. 
• • •• dp ( .) u = u x, Z , d.x • .. ReL [A.17] 
Similarly, for temperature and species, the functional forms of their respective solutions are the 
following. 
[A. IS] 
[A. 19] 
It is convenient to define the heat and mass transfer coefficients which rela~ heat and mass flux 
to their respective driving potentials. 
A surface energy balance and Fourier's law of conduction yield 
h_!dT'! 
- L dZ· %.=0 
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[A.20] 
[A.21] 
[A.22] 
", 
'Ibis expression can be reammged to define the Nusselt number which is a non-dime~sional 
surface temperature gradienL ~'. 
[A.23] 
The Nusselt number can be expressed in the functional form used earlier, and now the·· 
dependence on y. and the pressure gradient have been eliminated. The pressure gradient 
represents the effect of surface geometry on the velocity distribution, so for a prescribed 
geometry, the Nusselt number can be expressed as the following. 
[A.24] 
A completely analogous analysis for the mass transfer will yield an expression for the 
dimensionless surface concentration gradient, the Sherwood number. The heat transfer 
coefficient is logically replaced with the mass transfer coefficient, and Fourier's law is replaced 
with Fick's law of diffusion. The use of Fick's Law requires the assumption of a dilute solution 
of species·· A in species B. This assumption will be justified later in the appendix. The 
expression for the Sherwood number for a given geometry is the following. 
[A.25] 
The only difference between functional forms associated with Nu and Sh lies in the Pr and Se 
parameters. For many flows (including those under consideration), Nu and Sh are proportional 
to Pr" and Se" respectively, so the expressions for Nu and Sh can be rewritten in the following 
form. 
". [A.26] 
[A.27] 
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Dividing out the common dependence on ReL and x*, the heat and mass analogy is obtained. It 
is written here in terms of local Nu and Sh, but integrating the local expressions ~sults in an 
average expression of exactly the same form. 
(pr)" Nu=Sh Se [A.28] 
For boundary layer flows, the value of the exponent n is taken to be 1/3 for moderate to high Pr 
and Se, and 1/2 for low Pr and Se. For the conditions of interest in this project, a value of n = 1/3 
is used. 
A.2 Justification of Zero Transverse Velocity Assumption 
The heat and mass analogy rests on two assumptions; the fluid is a dilute solution of 
species A in species B, and the transverse velocity at the plate surface is negligible. These two 
assumptions are linked because the diffusion of mass from the surface creates the transverse 
velocity at the wall. According to boundary layer theory, there is a fmite transverse velocity 
inside the boundary layer because of the no-slip condition at the plate surface. The mass-
transfer induced transverse Velocity is in addition to the viscous transverse velocity that occurs in 
the laminar boundary layer. The effect of the mass transfer through the plate surfaCe can be 
neglected only when the transverse velocity created because of the mass transfer is small relative 
to· the transverse velocity resulting from the presence of the plate. According to the Blasius 
similarity solution, the transverse velocity v, can be represented as follows. 
[A.29] 
On an order of magnitude scale, the transverse velocity v can be represented as the following . 
. [A.30] 
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The mass flux can be represented by combining the Blasius solution and the definition of the 
mass transfer coefficient to give the following result 
[A.31] 
Again, the zero transverse velocity assumption is valid only when . the mass transfer induced 
velocity is .small relative to the viscous-driven transverse velocity. This leads to the following 
inequality that must hold for the assumption to be valid. 
PV»"'A [A.32] 
Substituting the above equations and dividing through by the Re1!2 yields the following relation 
derming when the transverse velocity assumption is valid. 
[A.33] 
From this expression, it should be noted that the low transverse velocity approximation 
contains the dilute approximation. In other words, a solution with (CA,s - CA,-) «1· satisfies 
both the dilute solution assumption as well as the negligible transverse velocity approximation 
for pSc2/3 - 1. Equation A.33 is evaluated using typical values at T = 298K and P = 101.3 kPa, 
and the result is shown below. 
(5.746 ·10-4 - 0) U 
....:.....------'- = 4.971·10-4 «2.3573 = 1.7676 
1.156 
[A.34] 
The inequality is easily satisfied, and therefore application of the heat and mass analogy is 
justified. 
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APPENDIXB 
DATA REDUCTION EQUATIONS 
The experimental results for this project can be divided into three general categories, flow 
conditions, naphthalene sublimation, and flow visualization data. This appendix ~ present a 
detailed deScription of the equations used to reduce the experimental data in each category as 
well as a description of the curve fitting used in the thesis. Correlations and sources for 
thermophysical properties will also be presented. 
B.1 Flow Conditions 
The Reynolds number for flow over a flat plate is defined below in Equation B.1. 
R .. Pa U_ x 
e" = 
J1 
[B. 1] 
The velocity is determined indirectly by measuring the mass flow rate through the test section 
using an ASME standard orifice plate. The expression for the mass flow rate is given below[22]. 
m= " D 2cet"PP. 
4 p 1- 134 
[B.2] 
The expression for the discharge coefficient is an empirical function of the diameter ratio and is 
given below. 
C = 0.5959 + 0.0312Jl2.1 - 0.184Jl8 + 0.039 (1~4Jl) - 0.01584Jl3 + 9 L 7lJl2.5 Re -4).75 
[B.3] 
where the 13 is the diameter ratio and Re is the Reynolds number based on pipe diameter. The 
air density is corrected for humidity effects as given below. 
PMa--IPP SIll (Ma-Mw) 
Pa = R T 
" 
[B.4] 
81 
Ru is the universal gas constant, • is the relative humidity, and Ma is the molecular weight of air. 
From the mass flow rate measured by the orifice plate, continuity is used to determine the test 
section velocity as shown. 
. 1ft 
U =--
- PaAu 
[B.S] 
The only quantity remaining to be defined in Equation B.l is the dynamic viscosity, IJ.. Kays and 
London[33] provided the following expression for viscosity. 
IJ. = 1. 80S x 10-5 +4.8x 10-8 (T - 290) [B.6] 
B.2 Flow Visualization 
The primary quantity of interest in the flow visualization experiments is the goodness 
factor, n. The equation for local 0 can be seen below. 
[B.7] 
r is the vortex circulation, &core is the vortex core-to-plate distance, and &,t is the local boundary 
layer thickness. This expression can be integrated over plate length to obtain an average 
goodne~s factor as shown in Equation B.8. . 
1L 
O=-jO(x)dx 
Lo [B. 8] 
The value of &core is determined directly from flow visualization data, and lib} is determined from 
the Blasius solution for the relevant boundary layer. The circulation is also inferred from the 
flow visualization data using the following expression. 
Ay 41tflcDrtlU_-
r - Ax 
- 2 
1 
---1 
12+1 
[B.9] 
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The value of ~ is evaluated using a central-difference method for all values except the first and 
~'. 
last values where forward and backward differences are used respectively. 
The goodness factor is defined in terms of boundary layer thicknesses, and the relevant 
boundary layer thickness is determined by the existing flow conditions. For the naphthalene 
sublimation. technique, the mass transfer boundary layer thickness must be used, and its form can 
be seen in Equation B.lO[3l]. 
[B. 10] 
H the experiment involves heat transfer instead of mass transfer, the thermal boundary layer 
thickness must be used [31]. 
8th = i::-Pr -M 
vRe% 
B.3 Napbthalene Sublimation 
[B.ll] 
The primary quantity to be determined using the naphthalene sublimation technique is the 
Sherwood number, Sh. 
-" h",L Sh=-
Dna 
[B. 12] 
L is the length of the plate, Dna is the mass diffusivity of naphthalene in air, and ;;;,. is the 
average mass transfer coefficient. 
- Am h",=---
A,p".v At 
[B. 13] 
A/is the naphthalene surface area, Am'is the total mass change, 4t is the exposure time, and Po.v 
"is the density is naphthalene at the plate surface. The expression used for Po. v comes form the 
ideal gas law and is shown here. 
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_ P,.M,. 
P ... " - R"T [B. 14] 
P" is the vapor pressure of naphthalene which is given below in EquatiQn B.IS, M" is the 
molecular weight of naphthalene. The vapor pressure of naphthalene is calculated according to 
Ambrose et aI.[30]. 
. a 3 
TIog10P,. =~+ LasEs(x) 
2 s=l [B.IS] 
In this equation, EJx) is the Chebyshev polynomial inx of degree s, where x is defined by 
x = {2T-(T ma%-T mila)} 
(Tma%-TmiIa ) [B. 16] 
In Equation B.I6, Tmax = 344 K, Tmin = 230 K. The coefficients in the Chebyshev polynomial 
are ao = 301.6247, at = 791.4937, a2 = -S.2S36, a3 = 0.4043. 
Cho et aI. developed the correlation used to calculate mass diffusivity of naphthalene and 
Schmidt number [29]. 
D~ = 8.17708 X 10-11 ( ; )TJ.983 [B. 17] 
Sc= 8.0743T-O.2165 [B.IS] 
B.4 Curve Fits 
In Chapter S, local flow visualization results are often presented with a curve through the 
data, and in most cases, the curve is added only to enhance the readability of the data. The 
exception to this is the local goodness factor results of Figure S.3. These curves were integrated 
to evaluate the impact of varying the ratio of plate length to wing chord length, so an ,analytical 
expression for these curves was needed. With only five data points, a standard polynomial curve 
fit introduced a series of minima and maxima that incorrectly represented the trends in the data. 
To remedy this situation, a smooth curve that correctly represented the behavior of the data was 
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inserted, and it was represented with a higher order polynomial that did not have artificial 
minima and maxima. To obtain smooth curves, ninth-order polynomials were us¢ for both 
curves on Figure 5.3, and their coefficients are shown in Table B.l 
TableB.l The polynomial regression coefficients for Figure 5.3 
Polynomial A=O.5 A=l.O 
Coemdents 
AO 0.67243 5.0489 
Al 
-0.36027 -9.0325 
A2 14.796 19.536 
A3 
-8.0567 -10~688 
A4 1.887 2.8198 
AS 
-0.2317 -0.41938 
A6 0.014521 0.036824 
A7 
-0.0003041 -0.0018757 
A8 
-1.06E-OS S.04E-OS 
A9 4.73E-07 -S.36E-07 
where the regression equations are of the following form: 
.Q = AO + Al *x + A2*x2 + A3*x3 + A4*x4 + AS*xS + A6*x6 + A7*x7 + A8*x8 + A9*x9 
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APPENDIXC 
TRANSVERSE BOUNDARY LAYER DIFFUSION 
The values of the Sherwood number fOr the baseline case with no vonex generator 
differed from the Blasius solution by more than the 4 pen:ent uncertainty of the measurement. 
The values of Sherwood numbers for the baseline cases are presented in Table C.l ' , 
Table C.l Results from comparison of naphthalene data to Blasius solution 
Velocity Re Experimental Blasius Sh Percent Diff. 
mls (based on J) Sh ('iI) 
0.75 5300 ,74.55 66~208 12.6 
1.0 6900 83.25 74.919 11.1 
1.25 9000 91.91 83.699 9.8 
3.404 24500 142.56 138.07 3.2 
4.221 30400 159.43 153.59 3.8 
Deviation from theory does not reduce the validity of the data. Since the mass transfer 
results are reported as ratio of enhanced Sh to unenhanced Sh, the effect of the deviation divides 
out. However, some interesting insights can be gained' by examining the cause of the deviation. 
Two experiments were conducted at higher velocities, and they were in agreement with Blasius 
to within the uncertainty of the measurement. The reason for this deviation from the Blasius 
solution can be explained by looking carefully at the difference between the experiments and the 
Blasius solution. The Blasius solution holds for flow over a constant concentration smface that 
is semi-infinite in the x direction and infinite in the transverse or y direction. The constant 
concentration smface on test fin is the naphthalene coated area, and it measures 11.43 cm (4.5 in) 
in the streamwise direction'8nd 3.05 cm(1.2 in) in the transverse direction. The small dimension 
in the transverse or y direction is the SODICe of the deviation from the Blasius solution. For a 
smface that is infmite in the transverse dimension, there is no diffusion in the y direction; the 
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physics are completely two dimensional. When the transverse direction becomes small as is the 
I 
case for the naphthalene test fin, mass from the boundary layer can diffuse transv~ly into the 
freestream on either side of the naphthalene strip. A schematic of this transverse boundary layer 
diffusion is shown in Figure C.l. 
y 
Naphthalene Coated 
Section 
Aluminum Area 
of Test Fin 
_~~~Diffusion 
of Mass 
Figure C.I Schematic showing the transverse diffusion of mass from the sides of the 
concentration boundary layer over the naphthalene strip. 
Since the concentration boundary layer forms only over the thin naphthalene coated area 
of the test fin, there is a concentration gradient in the y direction because there is no naphthalene 
in the flow over the aluminum area of the test fm. . Mass diffuses because of this gradient, 
resulting in Sherwood numbers that are higher than· predicted using the Blasius solution for 
boundary layers which are infinite in the transverse direction. This idea is supported by the data. 
According to Equation 5.1, low velocities lead to thick boundary layers. When the boundary 
layer grows to a thickness that is comparable to the spanwise width of the naphthalene strip, the 
transverse diffusion creates significant deviation from the Blasius solution. Thicker boundary 
layers provide more area for this transverse mass diffusion, so the largest deviation from Blasius 
should occur at low velocities. Examination of Table C.I shows that the largest deviation of 
87 
12.6 percent occurs at the lowest velocity, 0.75 mls (2.46 ft/s). The deviation at the higher 
velocity of 1.0 mls (3.28 ft/s) is 11.1 percent which is smaller because the boundID layer is 
thinner. Fmally, the deviation is only 9.8 percent when the velocity is at it maxiinum of 1.25 mls 
(4.10 ft/s). because the thinning boundary layer has further reduced the area for lateral diffusion. 
According to this argument, the magnitude of this ttansverse diffusion should continue to 
decrease as the velocity is increased. Two experiments were conducted to verify this 
explanation. For a velocity of approximately 3.4 mls (11.15 ft/s) the percent deviation is only 
3.2 percent from Blasius, and this value is within the 4 percent uncertainty of the measurement 
Another experiment at 4.2 mls (13.78 ft/s) provided 3.8 percent deviation from the analytical 
solution. These higher velocities created boundary layers whose thicknesses were thin when 
compared to the width of the naphthalene strip, so the effect of the ttansverse c:liffiasion was not 
. prominent The naphthalene half-width is 15.24 mm (0.6 in), and for the lowest velocity where 
the largest deviations occurred, the concentration boundary thickness was 7.8 mm (0.31 in) at the 
end of the naphthalene strip. Conversely, when the velocity was increased to 4.2 mls (13.78 ft/s) 
the concentration boundary layer thickness was 3.3 mm (0.13 in) at the end of the plate. 
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APPENDIxD 
UNCERTAINTY ANALYSIS 
D.I Wind Tunnel Measurements 
A mCrcury barometer (Princo #496 NOVA). was used to measure barometric pressure and 
a mercury-in-glass thermometer was used to measure air temperature. Since both of these 
devices were calibrated against standards, their uncertainties were taken to be ± III of the scale 
division. For the barometer, the uncertainty was taken to be ±6.65 Pa, and for the thermometer, 
the uncertainty was ±O.05 ·C. The relative humidity was measured using an electronic relative 
, ! 
humidity sensor (Vaisala Humidity and T~mperatufe fudicator #73l-A), and its uncertainty was 
calculated from published data to be appr~ximat~ly :1:;1.5 percent. The primary quantity to be 
measured in the test section was the freestream velocity,. and this measurement was perfonned 
indirectly by measuring mass flow rate with an ASME standard orifice plate according to the 
procedure presented in the standard [22]. An electronic manometer was used to measure the 
pressure drop across the orifice plate, and its uncertainty was taken to be ±O.124 Pa. To 
detennine the uncertainty associated with the mass flow rate measurement, the errors associated 
with the direct measurements were propagated through the data reduction equations presented in 
Appendix B according to the method of Kline and McClintock[34]. All properties were 
estimated at conditions which were commonly encountered in the laboratory. 
The uncertainty in mass flow rate was given by Equation 0.1. 
,:=[(:c·~r +(~.~:J +(W~P'a~r +(::·~rr [D. 11 
The uncertainty for the discharge coefficient is given in the standard as a function of the 
Reynolds number defined on pipe diameter. Over the entire range of these experiments, the 
uncertainty of C was ±l.l5 percent. The uncertainty in the diameter ratio p was taken to be ±O.5 
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percent. Using the data reduction equations in Appendix B, the uncertainty in mass flow rate 
was determined to be ±1.2 percent The velocity was calculated from the mass flow rate using 
continuity, and the velocity uncertainty was determined to be ±1.6 percent The uncertainty in 
plate length was taken to be ±1 percent, and the expression for dynamic viscosity given in 
Equation B.6 has an uncertainty of approximately ±1.2 percent Propagating these uncertainties 
according to Equation D.2 yields an uncertainty in the Reynolds number of ± 2.1 percent 
[D.2] 
D.2 Flow Visualization 
All flow visualization experiments were performed using digital images acquired from a 
CCD camera. The fundamental unit for measurement in these digital images is the pixel. The 
exact length of a given pixel depends on the scale for the particular image, but a nominal value of 
10 pixels per mm will be used for the uncertainty analysis because this value represents an 
average sc81e value. The uncertainty in the measurement of these dimensions was taken to be ± 
1 pixel 
The vortex circulation was calculated according to Equation 4.6, and the uncertainty 
associated with this quantity was calculated using Equation D.3. 
Wr =[(Wa_)2 +(WAy)2 + (WA.x)2 +(WU_)2 +(W'Y. or)2JY2 
r ~core fly flx U_ r oy [D.3] 
The uncertainty associated with the ax measurement was taken to be ±O.1 rom, and this gave an 
uncertainty in the measurement of vortex circulation of approximately 3.6 percent 
The goodness factor is defined in Equation 4.11, and its uncertainty was calcula.ted using 
Equation D.4. 
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We = [(wa_ . ao )2 +(Wr. aO)2 f2 
o 0 a~c:ore n ar 
[D.4] 
The values of the uncertainty were determined for each value of both the mass and heat transfer 
goodness factor. Since the boundary layer thickness is different for the heat and mass transfer, 
the uncertainties were al"SO different. All of the values of goodness factor uncertainty were 
averaged to determine an average goodness factor for both heat transfer goodness factor and 
mass transfer goodness factor. The respective uncertainty values for heat and mass transfer 
goodness factors were ±7.1 percent and ±5.0 percent. 
D.3 Naphthalene Sublimation 
The change in mass of the test specimen was measured using a precision electronic scale 
(Mettler AE200, 0-200g), and the uncertainty of this measurement was estimated to be ± 1/2 of 
the scale division(± O.OOOO5g). From Equations B.7 and B.8, the uncertainty of the Sherwood 
number was calculated from Equation D.5. 
The uncertainty in exposure time was taken to be ± 1 s, and the uncertainty in the 
measurement of the exposed naphthalene area was ± 1 percent The published uncertainties for 
the naphthalene vapor pressure and mass diffusivity were both approximately 3 percent, and 
when these values were substituted into Equation D.5, the uncertainty of the Sherwood number 
was approximately ± 4 percent The mass transfer results in the body of this report were 
presented as ratios of enhanced Sherwood number to unenhanced Sherwood number, and the 
uncertainty for this ratio was determined to be approximately 5.6 percent by substituting into 
Equation D.6. 
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WSii_ =[(~)2 +(~J2r 
Shrfllio . She" Silo 
~. [0.6] 
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APPENDIXE 
ANALYSIS FOR UNHEA TED STARTING LENGTH 
The test fin used for naphthalene sublimation experiments had a 0.508 mm (0.020 in) 
thick lip along the leading edge of the fin (See Figure 2.6). The purpose of this lip is to protect 
the leading edge of the naphthalene from high sublimation rates that would distort the shape of . 
the rm until· it no longer acted as a flat plate. One consequence of this lip is a small unheated 
starting length along the leading edge of the plate. Figure E.l shows a schematic of the situation 
along with common nomenclature. 
- -
, Viscous Bouildary 
. ~J- ~er ____ _ ~;-J-
~---:~~-;;B~ 
A=O.S08mm 
Layer 
x'=O 
x=O 
Figure E.l Schematic of unheated starting length for naphthalene test fin 
An approximate form for treating this situation in laminar flow can be developed through an 
integral boundary layer solution,· and the form of this is given in Equation E.l [31 J. The value of 
A. is the length of the unheated starting length. For this experiment, the length of A. is 0.508 mm 
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(0.020 in). . Another way to account for the unheated starting length is simply to remove it by 
defining the coordinate system such that it starts when the heated region starts. 7· 
Nux = 0.332R~MPr~ 
[l-(~ 
[E. 1] 
This coordinate system is labeled x' in Figure E.l. This technique is much simpler. and the error 
associated with its use is negligible when the unheated starting length is small. A comparison of 
these two methods for accounting for the unheated starting length is shown in Figure E.2. The 
data in Figure E.2 are for a freestream velocity of 0.75 mls (2.46 ft/s) because the approximation 
is the poorest at low velocity. 
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Figure E.2 Comparison of approximation made for unheated starting length 
The deviation is largest at the front of the plate because there the ratio of A. to x is significantly 
larger than zero. The deviation at x = 1 cm is approximately 2 percent, and it decays to less than 
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one percent by the x = 3 em location. The percent deviation at x = 11.43 em, which is the length 
of the naphthalene test fin, is less than 0.25 percent. The error introduced by ;l1sing this 
approximation is much less than the experimental uncertainty, so because of its simpler·form and 
excellent comparison to the integral solution, this approximation is used throughout the data 
interpretation for this thesis. 
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